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catergorized into the following general areas:   ordnance applications, 
metal working, metallurgical studies, and miscellaneous aspects.   Adiabatic 
shear has been recognized as a principal failure mechanism in several 
technology areas peculiar to Xhe ordnance industry.    They are the 
penetration/perforation of armor, the shatter of kinetic energy projectiles, 
the fragmentation of steel and the explosive forming of slugs.    The worka- 
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improved due to the formation of a pseudo-superplastic state or degraded 
due to the localization of strain into narrow bands.    Metallurgical studies 
on metal deformation,   ductility,  plasticity, and fracture report on the 
causes and effects of adiabatic shear. 
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INTHODLCTION 

AdialiiUic Slienr is :i pcculior form of plastic instrihilitv tlint,  once establisliotl,   leads to 
catnstropliif failure,    II is peculiar to deformation at hiuli strain rates or cryoui.nic 
ten^peratui e whore tlie prortrss is "prnrtirally" adiatiaiic. 

Many aiitliors have >iiui;<!ste<l or (lcfin<;d A(lial>atir Sliear as a thermal-indurfid plastic 
in.stahilitV that is esialilisiied when the rate of work liardenini.' is overcome liy the rate of 
thermal (<leformat ion) softenini;.    In the liyht of more recent evidence tiic lulhors would 
siium-'.st the followiiiL' definition: 

Ailiabatic Shear:    A therniomeohanioal  instahilitv which is established Wfien the rate 
of strent'thi-n•■!{;,  due to strain liardeninji and strain rate tiardenint!,   is overcome Ijv a 
coinbiTiation of (fio rate of ijeomotrical softening,  flue to void niicleation and urowih,  and 
the rale of thermal softening <liic to the conversion of mechanical work into thermal energy. 

References in this volume relatinu to the various aspects of Adiabatic Shear have been 
categorized into the following fjeneral areas: 

1. Ordnance Applications 

11. Metalworkint^ 

111, Metalluff^icai Studies 

1\'. Miscellaneous Aspects 

Adiabatic Shear has been recocnized as a principal failure mechanism in several tech- 
nology areas peculiar to the ordnance indust"y.     J'hey are the penetration/perforation 
of armor, the shatter of kinetic cntrijy projectiles, the fragmentation of steel and the 
explosive forming of slugs from plates,  cones,  etc. 

The workability of a material under;;oinR adiabatic deformation can either he improved 
due to the formation of a pseudo-supcrplastic state or degraded due to the localization of 
strain into narrow bands. 

Metallurgical studies on metal deformation, ductility, plasticity,  and fracture report on 
the causes and effects of Adiabatic Shear.    Structural changes and phase transformations 
are also noted. 

The Hiidden release of elastic stored energy, the high hydrostatic pressure, and the poor 
thermal diffusivity of rock are responsible for the localization of slip and the melting of 
fault zones during seismic faulting. 

Additional evidence of Adiabatic Shear is found in the spallation of hammers.   1 \ 
—-J if*' 
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I.    (;HDNA\CI-: APP(.ICAI'(.\S 

pi:\i:iHAri(-A/ i^i:ui OMAI K.'N C/F AI{M(-H 

l-A-l.      Abbott,   K. H. ,   "l!ffeci of NOH(; ('eomclrv on tlio T crminnl   I nllistic I'<Trorm- 
ancf; of WC Coff.s, " VVater'lown Arsenal l.ab,    ]H-1''2 I2:M-H,(Dvccrv\>cr  in-)3). 
AD ;n 03:s 

A coniparison is p-adf bctwoei! \hf arn^or-pcr-.'iration porf'jrn^anrc riC 
two Inmcalcd roiucal-nose and one oL'ual-  os<'(J tiuiL'sli-n carbide roros. 
The bohavior of each tvp<,' of core diirin;; penelral ion is anal\i;ed.     I IK; 
difficulty of [irecise niathematical forniulation of r<'sult,s is discussed. 
Several observations of sbatter of tunL'Sten carbide cores are nade. 
The correlation between proiectile condition and hole ivpc; is discuss<'d 
so that one- may be inferred from a visual inspection of the other.    All 
data obtained durint; the tests are included. 

l-A-2.     Abl)ott,  K.ll.,  "Mctallurtical Observations of llisjh \elocitv Impact," 
vVatertown Arsenal l.ab,  TP 'fi'.S-./l.   (lOflO).    AD'''' ''37 

Annealed 1020 steel,   hardened IXS-31i! steel,  and 2024-'r4 aluminum 
alloy pellets with lenfjth-to-tliameter ratios of 1.2.'> were fired at 
standard stoel armor,  aluminum armor,  and 301  stainless steel plates 
at velocities from 2,000 to 13,000 ft/sec.    Plate sections contaiiiini; 
crater half-sections were subjected to hardness,  macrostructure and 
microstructure measurements to determine metalliircical and phenomena 
which influence crater formation.    Dynamic instabilit i(.'S resultinK in 
slip with the formation of transformed untcmpered martensitc on maxi- 
mum shear planes were observed in the standard steel armor.    The 
number of these shear bands with associated crackintr increased with 
increasing pellet velocity.    Slip without transformation was oliservcd 
in both the aluminum alloy and stainless steel plates.    No local trans- 
formation from austenite to martensilc was observed in the stainless 
steel,    lOxtensivc hardeninj; in the vicinity of the crater was measured 
in all plate materials. 

I-A-3.     Awerbuch,   .1.,  "A Mechanics Approach to Projectile Penetration," Israel 
.lournal of Technology 8;37'>-383.  (1970) 

In the prof^ram reported in this paper, a mathematical model was 
developed which describes the mechanism of the norTial penetration 
of metallic targets.    The model considers all the forces acting on the 
projectile during penetration due to the concomittant motion of part 
of the target mass.    With ^he aid of the mathematical expressions the 
projectile's velocity after perforation can be calculated by substituting 
the information on the cavity diameter obtained experimentally. 
Another part of this program consisted of a series of penetration 
experiments.    For the sake of convenience and from practical con- 
siderations,  the experimental studies were carried out with .22 caliber 
lead bullets.    The experimental results for the velocity drop due to 
normal perforation of metallic plates were compared with the mathe- 
matical model,  and excellent agreement was established.    In the frame 
of this ."eseaioh an explanation for the dependence of the velocity drop 
on the angle of impact was attempted,  and ballistic tests were per- 
formed with different materials. 

^'- 
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I.    ORDNANCi: APPi.ICATIO.NS (cont. ) 

I-A-4.     Hackman,   M.I"..,  "Damage Mechanisms and Terminal Hallistics Research," 
Tran.sMt tions of the 6th NWC W.Trhead Ri.-srarch and Pt^vclopmoni Symposium, 
.\aval U'eapim-s Center,   I P-483:),   ^ol.   1,   p.   Ill,   (Odohcr 14-lfi,   1!>G9). 
AD J07 1(;')L (Paper unclassified) 

Damage mechanisms associated vviili the ballistic impact of rtiunky 
frapmentgjiPnd moderately long frac.mi'nts against plates or .s- i/U 
structures are identified as:   (1 ) pen(.''r:iliun,   (2 ) prrforat urn and 
secondary internal impact.s l>v the ri.-sidual proiect ilc.   (.3) fragmentatiot- 
and secondary internal impacts l>v fr.iyrnenls from I lie perforation 

, process,  and (4) auxiliary cnercv tr.iiisport and lilieration processes 
associated with perforation frauminial ion,    llxampli.s are ;Mven of the 
analysis of the operation of con\enti(mal fragment int; weapt.ns,   shaped 
charge weapons,  and other forms of weapons usint; controlled fragment 
distrihution in terms of these dan>age mechanisms.    Recent develop- 
ment in terminal 'i)allistic research are discussed with respect to the 
quantitative analysis of the aliove-ment loned damage   nechanisms. 

' These developmpnis include;    (1) the numerical solution of impact 
problems,   (2) the studies of deformation and fracture processes,  and 

,; (3) studies of very high-velocity liallistics of perforating fragments. 
y The contribution of the item of research to the damage mechanism.s 

is discussed and the outstanding problems in the analysis of the 
damage mechanism is inr'icated. 

I-A-T.      Hackman,   M. i;. ,  "The IJynamics of the Olilique Impart of Projectiles 
-Against Harriers, ' Transactions of the 7th WVC Warhead Research and 

/ Development Symposium,   Naval Weapons (enter,  TP-'i2fl.'),   Vol.  2,   p.  201, 
' .. (November Ifi-IH.   1071)..  ADolO 980L (Article unclassified) 

The dynamics of nondeforming projectiles impacting at obliquity 
against a barrier is analyzed using current models '\ penetration 
resistance and l>arrier failure.    Calculations are carried out for pro- 
jectile parameters typical of homlis and missiles using empirical 
representations of resisting force that include the effect of projectile 

, yaw.    Th«<»e are compared to available data on deep penetrations into 
soils and perforations of finite thickriess of metal barriers.    The 
special case of the impact oi a sphere against a plate is investigated 
experimentally and theoretic;illy lo focus attention on material response 
and barrier thickness and thus refini; the analysis of resisting force. 
Prediction of the exit obliquity and final projectile velocity are com- 
pared to experimental data for the  impart of the hardened steel spheres 
against mild steel and aluminum alloy barriers.    The sudden onset 
if failures that cause perforation is slow to dominate the deflection of 
the projectile. 

I-A-6.      Hackman,   M. IC.,  andS. A.   Finnegan,   "Propagation of Adiabatic Shear, " 
Metallugrical ICffccts at High Strain Rates,   edited by R. W.   Rohde.  pub. 
by Pel nil m Press,   p.  531-543,   (1073) 

Melallographic analysis of metals and alloys subjected to ballistic 
impact or explosive loading reveals thin bands that are associated 

y with a displacement across the band.    Micrographs show examples 
of these bands found in SAE 4130 to l>c the result of impact by a steel 
ball.    The shear displacement is shown by thi; displacement of tlie 
surface.    These bands occur in regions of general yielding and liave 
been called adiabatic shears because there is evidence that these are 
inhomogcneous zones of shear in whict; plastic work heats the zor>e 
adiabatically and causes thermal softening within the zone and ri'eatly 
reduce* the Shear resistance. 

.'' -2- 



1.    CJHONANri: APl'l.lfAriONS (<(,nl, ) 

I, A.7. Hninton, .1.11., K. li. I'lchl, Ci. I'. I'loni.-is ;HI<I M. P. A'. \Vilsi>ii, "Tlif- 
I>-f()rni;ition of M(;tals l>v Ilii!li \i>l<)Cilv Impiicl, " I'latiHi-'O rfoci t-flmt's 
p.   KIT,   (i:)fi4) 

ThiH paper clcscribos n stiidv of I iquid/sol ic! ,'itul solKl/hqiiiil impacr 
for a ranyc of v<,'locit les,  aiitl thf rli-forinrit ion Itmt i.-; protliici.'tl in 
mctiils.    Wlu;n ;i liqiiitl mass strikes <i solid al lui;li volocilv,   pressures 
associated willi coniprcssilile l)eliavior arc protlured,    II iL'li-speed 
phototraptiv futHier sliows that llie (nitwartl flow of liquid after impact 
may he 2-S times the impart velociiv,   tieperiflini; on the profile of the 
impacting surface.    The ileform:it ion t);ocess in metals is .i eomhina- 
tion of the hiuh impact pressures arj tlic shearini; actio,, of the flowini; 
liquid.    Witli solids that fail in a hi iltle fashion,  the reflection and 
interference of stres.-> v\... .'s licconies in^porlant.    (jhserval if n.-. of the 
erosion of solitls under repeated liquid inipaet show tti.it the process 
is more conipli.'x than with siii|.;l<f impact,   with fatigue now .'in important 
failure niech.anism in steels.    Reformation in the form of local ized 
surface depressions has heen ohseivird on metals at pressures an 
order of magnitude helow their VK.'ld strent;ths.    No definite correlation 
•Tppears to exist hetween the initial i.Tosioii rale,  and other physical 
properties .such as hardness.    In tlie hv[)erv(;locity ranun,  hoth liquid 
and sol'd impact produce similar deformation.    An apparalusi for firini; 
small solid specimens at velocities up to 'i, 000 meters/sec,   is 
described.    Metalloyrgphic oliservatwjiS on metals deformed by 
hypervelocity impact are discussed. 

I-A-8.    Carrinyton,   W. !■;, and M. 1-. \'.   Gavlier,  "The I'se of Mat - Diided Projectiles 
for IX'termininfj Dynamic Yield Stress.    Part 111   - Chanues in Micro- 
structure Caused bv IX-formation under Impact at Iligh-Strikiny Velocities," 
Royal Society London I'roc 1 !*4A-.:i2:).   (1!)4«) 

The mechanism «jf deformation of melals at hiuh vf.locilies has been 
studied by examininq the microstructure of cylinders of mid steel, 
durnluminum anti standard silver (of composition Aij f'2.')!'.•,   Cu "..'i'*!)) 
of similar hardness,  and of steel balls after impact on steel plates 
at velocities froiri 300 to 3830 ft/sec.     The means by which the stress 
on impact was relieved depend<.Tl on thn material,  and was first the 
formation of twins or "compression l)ands.  '  i.e. ,  by block movement 
of wedges of material witliin individual grains,  or bv crackmy.    When 
the applied slr<^ss could no lonyt-r be relieved in this way,  pla.slic 
deformation occurred.    The amount of residual strain in deformed 
mild steel and duraluminum has heen examined observing changes of 
microstructure after annealinu.    liardness surveys were made on 
longiti^dinal sections of the cylinders and the results correlated with 
the microstructurcs and with observations of the limits of strain due 
to impact. 

I-A-D,    CraiR,   I, V.,  andT.A.C.   Stock,  "Microstructural Damat'e Adiacent to 
Bullet Holes in VO-.IO-Mrass, " Australian Institute of Metals   lournal 
15:1,  (1970) 

Severely deformed surface layers and bands of intense shenr are 
associated with the bullet holes.    Surface layers of sin ilar depth and 
disposition are associated with slowly punched holes consists of small 
cells or grains (0.2 cain dia. ); there is c:>n3iderable misorlentatio.. 
hetween the (grains and these are distinctive cell or urain bcnindaries. 
On the other hand, the structure of the deformed layers associated 

-3- 



I,    ORDNANCE APl'I.lCATIONS (cont. ) 

with slowly punched holes consists of tanulcs of dislocations and extinc- 
tion contours; althoufjh there is no distinct cell strLicture visible, 
selected area diffraction indicates that many small suliarains or cf.-lls 
are present.    It is concluded that polvf'onization nf this tvpe of struc- 
ture has produced the structures associated witli tlie bullet iioles, 
the necessary heat beint; tjenerated durint; adialiatic shear, 

I-A-10.    Curtis,  C. W.,  "Perforation Limits for Nimdeforniint: Projectiles," 
Frankford Arsenal,   R-003,  (lehruary l!>r.l) AD nr, i 23. 

1-A-ll.    Curtis,  C. W.,  "The Problem of Armor Pierrint; Projectile Desiyn:    Its 
Principal Division and Important Phases," I''rankford Arsenal,   K-DOl, 
(February 1!)51) All 06 122. 

I-A-12.    Finnegan,  Stephen A., "Metallnuraphic Studies of InliomoL'eneous Plastic 
Deformation in Steel and Titanium Alloy I'lates After Hallistic Impact," 
Transactions of the nth NW'C U'.irhcad Research'and Developmcrit Symposium, 
Naval Weapons Center,  Tl'-483'i,   Vol.  2,   p, 4f)3,   (October 14-16,   i%9) 
AD 507 16:')!. (Paper unclassified) 

Inhomoi;en(?oijs deformations of l/,'o kinds are found in liallistically 
impacted r.ctals.    These include (1) simple shear zones of intense 
deformation, and (2) modified shear zones showint; significant micro- 
structural chanL'es.    In the present investigation,   SAi; 4130 steel and 
Ti-6A1-4V titanium alloy plates were impacted b\  SAi; 1020 steel 
spheres at velljeities below 6,000 ft/sec.  and then examined by standard 
metallojjraphic techniques to identify the m icrostructure of the shear 
zones.    Binary phase diayrams,  TTT curves and theories of thermo- 

*>1»lasticity estimate the possibility of microstructural chanees.    Simple 
and modified shear zones were found in both alloys,  with the modified 
zones beinj^ characteristic of martensitic microslructures.    In the 
steel,  microhardness tests and the response of the zone to heat ireat- 
liient indicates a martensitic microstructure but other aspects of zone 
morpholotjy did no*.   Thus, tentatively, the modified zones are identi- 
fied as untempered martensite,  but other exotic microstructures are 
not ruled out. 

I-A-13.   Goldsmith,  W.; S. A.  Finnegan,  and K. I.   Hinehart,  "Mechanical and 
Metallopraphic Studies of Penetration and Perforation Processes in Steel 
and Aluminum, ' Transactions of tlie 7th NWC  ^Varhead Research and 
Development Symposium,   Naval Weapons Center,  TP-."i2n"i,   \ol,  2, 
p. 447-474,  (N'oveml)er 16-18,   Il'7l).    AD .'>10 !>86L (Paper unclassified) 

A mild and an alloy steel as well as two t'^adcs of aluminum were 
subjected to normal impact liy hard-steel spheres of various diameters 
at velocities ranging from r)00 to 8,000 ft/sec.    A pictorial history 
of the penetration or perforation process was obtained by means of 
cither a hif,'h-speed framing or a Kerr cell camera that permitted a 
delineation of the contact force variation.    Radial and circumferential 
strain histories were determined at various positions from the impact 
point.    In addition,  crater and fragment dimensions were ascertained 
and supplemented by metallugrapluc examination of the impact region 
of the targets.    The data indicate a diminution in the velocity drop of 
the projectile just aliove the l)aUistic limit followed liy a monotonous 
increase in this parameter with further increase of the bullet speed. 

^^,     The metamorphosis of the perforation mechanism from a bendinjj to a 
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1.    t.KDNANCi: APt'MCATIONS (ront. ) 

piinchinf; in thin pliitoH mode was .suhstnnt iatcd IKJKI fi-oni terminal 
tart;«.'t confifjurntion and strain i;at;e measureriH'nts.    flood correlation 
of the experimental results was obtained with the prodirtions of a 
theoretical nodcrl encompassini; tar^'et eonipression,   sliear and inert lal 
resistance in a velocily ret,'ime consideralily above the t)allistic limit. 

I-A-14.    Hayes,  (i.A.,  "Development of a Sint'lc lilement,  20mm,  General  F^urpose 
Proiectile Penetrator (Ij)," Naval  Weapons Center,  TP-^lfilT,   (I'thruary 
ISier)).    ADfiOl  8431, (Confidential) 

This report descrilx.-s an (experimental testini; program to develop an 
improved penetrator material and d'-sifjn for incorporation in a 20mm 
general purpose (OP) round.    Over 1200 penetration firiiii;s were made 
invest it;at inu' 27 diff».'rent penetrator j;eometrical conf ii/urations and 
13 materials.    The crxperimental test program consisied of the pene- 
tration study,  a study of hehind-armor effects,  and a correlation of the 
mechanical proper! ies and metallurtiical structure of armor and 
penetrators with acliievaljle penetration.    Ttie followini; experimental 
variables were investiijated:    (I ) penetrator velocity,   (2) penetrator 
f;eometry and material,  (3) (art;et material,   (4) lariiet thickness and 
hardness,  and {.')) tar^'^t antjle of obliquity.   (L) 

I-A-15,    Hehemann,   R. F".  and .1. G,  Kerr,  "Armor-PiercinR Steel Projectiles 
Mechanical T'peperties, " I'"rankford Arsenal,   R-i)10,  (September IfJ'iS) 
AD 225 181 

Mechanical properties of steels (particularly those of armor-piercing 
projectiles) and the principal mechanical tests (tension,  compression, 
and indentation hardness) wliich measure the resistance of these 
steels to plastic deformation, are discussed.    The relationships 
between projectile" dynamic impact behavior and mechanical properties 
are shown in terms of correlations with hardness,  metallurijical history, 
and compression tests.    In the discussion of various t)enu and impact 
tests,  projectile l)ody failure is shown to be related to bend strencth 
and metallurgical history.    The relationships between projectile 
shatter and adiabatic shear deformation are shown,  and the influence 
of strain hardenini; characteristics of steels (determined in compression) 
upon adiabatic shear behavior is indicated. 

I-A-16,    Ipson,  T. W.,  and R. F-".   Recht,  "Multiple Plate Perforation," Transactions 
of the 6th XVVC VVarliead Research and Development Symposium^   Naval 
Weapons Center,  TP-483S,   \ol.  2,   p.   427,   (October 14-16.   1969).  AD 
507 165L (Paper unclassified) 

During ballistic perforation,   two distinct fragment mass loss modes 
are observed.    When the deformation mass loss mode is operative, 
compressive impact pressures produce lateral extrusion of projectile 
material near the interface, a portion of which is sheared off during 
subsequent plate perforation.    Above a critical velocity,  projectile 
orientations which produce "flat" impacts cause projectile shatter due 
to shock interactions.    The deformation mass loss mode continues to 
apply above the critical velocity to "non-flat" impacts.    DRI and TFIOR 
residual velocity and residual mass relations arc used to develop multi- 
ple plate perforation prediction models.    Predictions are compared 
with data generated at URL,  RARDIO,  and DRI.    In addition to separate 
residual mass and residual velocity comparisons,  residual lethality 



1.    ORDNANCE: APPLICATIONS (cont. ) 

comparisons are made using the magnitude of the lethalitv vector 

1, - M  " \.    Two fragments having the same value of tins quantity 
have nearly equivalent kill and plate perforation capahili; ics. 

I-A-17,    Irwin,  G. F. ,  "Metallographic Interpretation of InipMrted (i'^i\.e Ponetrators, " 
Defense Research l.stablishment,  Canada,   I)l{i;\-i{-r>."i2/72,   (Orlober U'72) 
AD !»07 367 

A metalloara[)hic study was carrif I mil on urnniiini-bascd and tungsten- 
based ficnetrators which li.id imparted :i .son'i-infinite soft steel targ«-t 
at normal incidence.    The uranium allovs HIUIW a yrcat tendency to 
shear adlabatically at the aurfao'.     This is believed to l)e a function of: 
(a) low work-hardening capabiliiv,   (li) sc^vcrc strt^ss concentration at 
the abrupt change in penetrator cros.-i sf^ction produced during impact 
deformation,  and (3) betuiing as a sf.Tondary influence.    Adiabatic shear 
liands arc also a site for cluctilf.- fracture.    Martensitic t'-2M<) is mechani- 
cally highly unstable,   wliile l-I Mo-, 7 \h-. 7/',r,   in the lamellar condition 
shows promise as a potential alternative to ^V-N'i-Cu at impact velocities 
above 0. 7fi mm/us.    The uranium alloy must be sufficiently hard,  how- 
ever,  to avoid significant musMn en ing. 

l-A-18.    Manganello,   S. .1.,  and K. H.  AI)l>oU,   "Metallurgical Factors Affecting the 
Hallistic l-.ehavior of Steel Targets," -lournal of Materials 7:231-23!), 
(.Tune lii72) 

This paper discusses the effects of material parameters and material 
processing techniques on ballistic performance against armor piercing 
projectiles.    Various metallurgical and mechanical observations 
associated wU'n ballistic pcneiraiion are described.    Specifically,  the 
effects of target composition,   in icrostructure,   purity (cleanliness), 
hardness,  ductility,  toughness,  and surface condition on l)allistlc 
behavior are discussed,  and relations between some of Uiese parameters 
and melting and solidification practices,   rolling procedures,  plate 
thickness,  and heat treatment are given,    \ariables affecting the 
resistance of bonded laminar-sieel f-omposlte targets to ballistic pene- 
tration are presented.    Projectile fracture,  target spalling and cracking, 
and white streaks (or shear liands) In targets are described. 

l-A-19.    Minnieh,  II. H.,  and N.   Davids,  "PIUL' Formation in Plates, " Pennsylvania 
State University,   (September 19G4) AD-152 043 ' ' 

Hoth elastic deformation theory and hydrodynamic theory of deformation 
due to hypervelocity impact are two extremes which leave a gap in the 
difficult intermediate state where the target material undergoes a type 
of viscous or plastic deformation.     The reason for this gap Is the 
uncertainity in the constants of the material and complexity of the 
analysis.    A very important parameter is the "impact yield strength" 
below which the material may be assumed quasi-rigid and above which ' 
viscous shear flow tends to take place.    This type of flow behavior is 
reasonably accurate for many metals.    This work (a) solves the 
projectile-plate dynamical problem with one-dimensional viscous shear 
(low of the material taking place above the impact yield constant,  and ' 
(b) compares the results with the et^-hed specimens made from sections ; 
of target plates deformed by firings of almost-flat projectiles.    The 
velocity,  vertical shear stress and displacement profiies which are 
obtained from the calculations are matched against the experimental f   ^" 



I 
I 
I 
I 
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profiles and enable tlic impact yiold constant to be deternnned.    For 
armor steel,  this is 2. 1x10'' psi,  a value ccnsider'"blv higher than 
conventional static yield values.    The coefficient of viscoshv is found 
to be :j. 7 lb-sec/in2.    The relationship between plate thickness and 
total deformation of the plate for a standard impact is detei-mined. 
The impact is assumed initially unifcrmly distributed over a circular- 
area of the plate surface,  and its variation with time is determined. 
The significance of the investigation lies in showintj probahie rani'es 
of material constants in the shear flow ret;ime. 

I-A-20.    Murr,   I., t'.,  and .1. V.  P'oltz,  "A Terminal ballistics Application of 
Transmission Klectron Microscopy:   The Anatomy of a liullet hole, 
■I Materials Science ri:G3-8l,  (lanuary 1070) 

A novel technique was devised for the selected area observation of 
residual microstructures in the deformation zones and the detached 
cap sections of .22 calil)er bullet holes in tliin sheets and laminate 
thicknesses ranging from 0.03 to 0. ri4 mm of 304 stainless steel and 
Inconel 600 by bright-and dark-field transmission electron microscopy. 
Microhardness measurements over the detached cap and petals, 
extending radially into the undeformed material,  indicated Ine zone of 
action to be confined to a region bounded by the deviation of the impact 
zone from the plane of the plate.    This feature was confirmed by elec- 
tron microscope observations which indicated no defects beyond the 
bounds of the zone ofaction so defined.   Residual microhardness was 
observed to increase from the radial bound of the zone of action 
toward the axis of projectile motion,  with mazimum hardness values 
roughly twice the undeformed sheet hardness observed in the petal 
edges and the detached caps.    Dislocation densities were observed to 

increase correspondingly over this range (10   to 10     cm     ),  with 
deformation twins occurring in the petal edges and the detached caps 
of both materials.    An analytical treatment of the specific ballistic 
perforation examined in this investigation ba«~''. on the plastic 
stretching of the target zone of action,  fractu.     »nd det'"~hment of a 
cap,  and the subsequent petalling of the crater as per      ^cion com- 
•mences,  indicated an absence of high-pressure shock effects. 

I-A-21   Recht, R. F.. "Containing Hallistic Fragments." 3rd International Conference 
on Miph Pressure,   (May 1970) 

A description of the  dangers represented by the fragment hazard is 
followed by specific definitions concerning the ranges of fragment 
size,  shape,  and velocity to be expected,    Hallistic limit velocity is 
that velocity at which a given fragment has an even chance of perforating 
a plate or other impacted item.    It is a function of <l) fragment size, 
shape,  and material,   (2) the configuration of the impacted item and the 
materials of which it is made,  and (3) impact orientation.    If the 
impacting velocity is abo'^e the ballistic limit velocity,  the fragment 
will ususally perforate the impact item,  retaining a residual velocity. 
If the velocity is below the limit velocity a ricochet will usually occur. 
Empirical and verified analytical models defining the dynamics of plate 
perforation and ricochet are used to develop and evaluate shielding 
criteria.    Effects of the total momentum and kinetic energy of a frag- 
ment population area considered.    Several shielding concepts are 
reviewed. 
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I-A-22.    Reclit,  H.V. and  1. A,   Uimn,  "liallistic Perfot-ation of Spaced Steel Platcri 
by StCfl Cubes," Denver Hesoarch Institute,   DRI-2 4f.f>.   (Aucus!  l"i,   lIT.a) 

Sttel cubes were firrtl t!irouL'Ii siniile and dual-spacod s'ecl phitcs al 
normal obliquity to (■^stallllsll the scnsitr. ity of proicci.Lc fracture and 
post-perforation dynamics to plate spacini; and impaoi orionta'ion. 
Time-of-amval switchc:^.   orthoconal flai-i rntliuaraphs,  and a 
recovery tarcet u-eri' utilized to prcide the dn'a neccssarv to e.-;i3V>hsh 
weiphts,  tra icctories,   \elocities,   and ficnetrat ion rapal-.l it los i)f all 
recovered projectile fi-aL'nients and plate par'irles wcicb.lr.i; o\er 1 /^ 
grain.    Trajectories and certain velocities v.-ere measured redundantly 
to verify the precision   of the experin'«>nt.    I'roiectile fracuir*' and, 
thus,   post-perforat Kin fiynaniics are stront'lv flepende.it upon impact 
orientation.    i:ffects of spacine are less pronounced.    Appended are 
the results of an experui'ent involving ballistic perforation of thin 
aluminum plates bv cylinders. 

1-.A-23.    Recht,   H.I".,   K. S.  Cruliin,  and T. \V.   Ipson,   "Tlie Application of Ballistic 
Perforation Meclanics ti.i TariK't \ ulnecabilit v and Weapons Kffect iveness 
Analvsis (l), "  Naval Weapons Center,   TP-4."i32,   (December 1,   19nT) 
AD 390 8801. <Confider,« laU 

l-A-24.    Recht,   H.I..   K. S.  f.rubin,  D. C.  Tucker,  and T. W.  Ipson,  "Vulneratile 
Area Analysis of a Representative loreian Fire Control Radar Subjected 
to Attack bv 0.')0 Caliber Armor Pierrinn Projectiles (U), " Naval 
Ordnance Test Station, TP-4378,  (December 30,  PJriG).   AD 380 0'>2L. 
(Confidential) 

I-.A-2").    Recht,   K.I'.,  and T. W.   Ipson, "Hallistic Perforation Dynamics," 
■Tournal of Applied Mechanics 30:3 8-4,   (No.   3,   i:'(5 3) 

AnaKiical equations of t!ie types required to defint ballistic perforation 
dynamics are de\ eloped.    These equations concern botli blunt and 
sharp-nored fraumeiits,  perforatirit; plates normallv and at oblique 
impact anL'les.     Residual velocities are defined in terms of niacnitude 
and direction.    Atial\tic3l models and confirminc experimental data, 
which arc presented here,   specifically concern the ballistic velocity 
impact range to about 25 r„ of the velocity of longitudinal sonic waves 
in the impactinq materials. 

I-.'\-2C,    Recht,  R. f".,  and T. \V.   Ipson,  "Transformation of Terminal Hallistic 
Threat Definitions into \ital Component Malfunction Predictions,"  Naval 
Weapons Center.  TP-4871,  (Mayl,   1969),    AD867 4r)4L 

I-A-27.    Sawver,   R.H.,  "Mechanism of Armor Penetration, ' Lehigh L'niversitv, 
(February If>51),    ATI 93 121 

The various ways in which a plate may fail when subjected to projei tile 
impact differ both in the controUinc factors and in the accompanyinu' 
physical processes.    Ry sorting out the different modes of failure and 
treating them individually,  fr.? general problem has been considerably 
simplified.    It appears at the present time that the principal types 
of failure liave been identified.    Furtliermore,   very reasonable 
mechanisms to account for these types have been proposed,  so there 
exists a good qualitative picture of the perforation nrocess.   Tliis 
picture serves the useful purpose of indicating the most important 
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factors controllinc perforation and of providing a l)asis for correlating! 
experimental results.    It has not,  however,  been dev-cloped in sui'ficient 

(detail to perm'' exact calrulations of all the quantities of practical 
interest to the designer.    The mechanisms considered in the present 
chapter are concerned with the behavior of homogeneous armor when 
the projectile does not deform.    Discussion is confined mainly to the 

■ case of normal impact. 

l-A-28.    Stock,  T. A.C and K, R. L.  Thompson,   "Penetration of Aluminum Alloys 
by Projectiles," Metallurgical Trans 1:219,   (1970) 

I Bands of intense shear may be formed during the penetration of alumi- 
num alloys by proiectiles.    It is shown tha' the formation if these bantls 
lowers the ability of the material to withstand further projectile pene- 

Itration.    The structure of these bands has l)een investigated by electron 
microscopy,  and the results ol>tained   indicate that melting occurs 
within the bands.    A simple model of a propagating shear band predicts 
that the material within tlie band will melt. 

I l-A-29.    Thompson,  K.R. U., T. A. C.   Stock, and H. H.   McConnoU,  "Kvidence for 
Melting of a Low-Melting-Point Alloy During High-Velocity Impact, " 
Journal of the Australian Institute of Metals 51:26,  (No. 1, 1970) 

f 
' The topography of solidified solder surfaces has been investigated 

using electron microscopy.    It is shown that "ripples" which some- 
times form on the surface are caused by the presence of an oxide 
film.    Similar rioples were observed on the walls of a crater produced 
by high-velocity impact.    It was concluded that localized melting of the 
target had occurred during impact. 

l-A-30.    Williams,  T.,  "Metallization Aspects of the Response of 1-inch Thick 
Armor Plate Steels to the Attack by Two Types of Tungsten Carbide (U), ' 
Royal Armament Research & Development Kst,  RM-^18/70,  (July 19701. 
Ad 510 727 (Confidential) 

Homogeneous steel armor plate heat treated to different strength 
levels was attacked by small (0. 34-in.  diam. ) conical-headed and 
spherical (1. 25-in.  diam. ) projectiles to obtain information concerning 
the effects of high- and low-velocity attack, respectively.    Defected 
plates revealed that the smaller projectiles penetrated by plastic 
deformation and flow whereas the spherical projectiles caused failure 
to occur by a sheaJ^'mechanism,    When deformation occurred by 
plastic flow,  the critical velocities showed better agreement with the 
0,2% proof stresses of the plates than with their hardness.    With 
spherical projectiles, a linear relationship was established between 
the critical velocity and the total shear energy obtained in torsion 
impact testing.    It was calculated that the energy dissipated by fric- 
tional heating during the passage of conical-headed projectiles through 
the plate was only about 2 7o of that dissipated by plastic penetration. (U). 

I-A-31.    Wingrove, A. L.,  "Influence of Projectile Geometry on Adiabatic Shear 
and Tarf ■■■t Failure," Metallurgical Trans 4:1829-1833,  (August 1973) 

An examination has been carried out of the ability of projectiles of 
thr«« different geometries to perforate plates of an age-hardened 
aluminum alloy.    It was found that flat-ended projectiles perforate i» 
the.target with greater ease than projectUes with more rounded ends. 
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The results are discussed in terms of the ability of a particular 
projectile yeometry to promote adialiatic shear durini; ponetration and 
the mode of fracture when prcjectile breakout occurs. 

I-A-32.    Zener,  C.,  and R, E.   Peterson,  "Mechanism i^f Armor Penctratinn, " 
Watertown Arsenal,   R-710/492,   (May 31.   1"43).    ATI 3« 7 .j 

The forces wliich act upon projectiles tlnrmt; armor penetration,  and 
the effects thereof,  arc investigated.    I rirtion has been found to have 
a neKlifiible effect during armor penetration.     The effect of obliquity 
upon the ballistic limit is adequately accounted for merely by con- 
siderinc the increase in lenLi^li of proicctilo path throuL'h the plate. 
As to the effect of transverse forces on cones of standard caliber . "lO 
AP ammunition,  large surface tensile stresses are broutrht about. 
These stresses result in fracture of caliber .50 AP cones when fired 
at obliquities of 20 decrees or over against production plate. 

SHATTER OF KINETIC I:\I;RC;V PENETHATOHS 

I-B-1.      Abbott,  K.II.,  "iCffect of Caps on Terminal Ballistic Performance of \VC 
Cores." Watertown Arsenal Lab,  TK-7fi2/231-!),   (January 1954). 
AD 30 416 

The effects of steel and tungsten caps on the penetratic" of rolled 
homogeneous armor by scale-model tungsten-carbide-cored projectiles 
were studied.    Comparisons of the terminal ballistic performance of 
capped and uncapped cores are given.    I>iscussions of the effect of 
the cap in reducing core sliatter,  and the resultant effect on the 
mechanism of penetration of the armor are included.    A presentation 
designed to illustrate the importance of the cap weight is given. 

I-B-2.      Abbott,  K.H.,  "Effect of Nose Geometry on the Terminal Ballistic 
Performance of WC Cores,  "Watertown Arsenal Lab,  TR-7G2/'231-8, 
(December 1053).    M) 31 035 

A comparison is made between the armor penetration performance 
of two truncated conical-nosed and one ogival-nosed tungsten carbide 
corei.    The behavior of each type of core during penetration is 
analyzed.    The difficulty of precise mathematical formulation of results 
is discussed.    Several observations of shatter of tungsten carbide 
cores are made.    The correlation between projectile condition and hole 
type is discussed so that one may be inferred from a visual inspection 
of ttie other.    All data obtained during the tests are included. 

I-B-3.      Armiento,   O. F.,   IL W,  Euker,  and T. A.   Read,  "A Comparison of Five 
Armor Piercin^; Cere b'.eels, " Frankford Arsenal,   R-672,   (November 1945) 

I-B-4. Curtis, C. W., "The Problem of Armor Piercing Projectile Design; Its 
Principal Divisions and Important Phases." Frankford Arsenal. R-901. 
(February 1951).    ATI 96 122 

Topics covered are the problem of AP projectile design,  mechanism 
of armor penetration,  perforation limits for no;:deforming projectiles, 
mechanism of projectile deformation,  occurrence of projectile defor- 
mation and its effect on limit energy,  dependence of deformation on 
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projectiie parameters,  theory of cap action,  attack of liomoyent-ous 
armor,  attack of nonhomogeneous targets,  and mechanical properties. 

I-B-5.   Kuker,  H. W., and T. A.   Head,  "The Shatter of Caliber . 60 AP HuUets, " 
Frankford Arsenal,   R-")53,  (October 11144) 

I-B-6.    Kuker,   II. W.  andT.A.   Read,  "Shatter of Brine Quenched and Air Quenched 
Calib'.r .60 KXS 318 Steel Cores," I-rankford Arsenal,   R-Oie,   (April 104')) 

l-B-7.    Ilehemann,   R. F.  and   I.C,  Kerr,   'Armor-Piercinjj Steel Projoctiles 
Mechanical Properties," Frankford Arsenal,   R-OlO,  (September lITiS). 
AD 22a 181 

Mechanical properties of steels (particularly those of armor-pierciny 
projectiles) and the principal mechanical tests (tension,  compression, 
and indentation hardness) which measure the resistance of these steels 
to plastic deformation,  are discussed.    The relationships between 
projectile dynamic impact behavior and mechanical properties are 
shown in terms of correlation with hardness,  metallurgical history, 
and compression tests.    In the discussion oT various bend and impact 
tests,  proiectUe body failure is shown to be related to t)end strenjrlh 
and metallurgical history.    The relationships between projectile 
shatter and adialiatic shear deformation are shown,  and the influence 
of strain hardcninc characteristics of steels (determined in com- 
pression) upon adiabatic shear behavior is indicated. 

I-B-8.    Ipson,  T. W.  and R. F.   Recht,  "Multiple Plate Perforation," Transactions 
of the 6th NWC Warhead Research and Development Symposium,   \aval       ' 
Weapons Center,  TP-4835,   Vol. 2,   p.  427,  (October 14-16,  196!)). 
AD 507 165L (Paper unclassified) 

During ballistic perforation,  two distirct fragment mass loss modes 
are observed.    VVlien the deformation mass loss mode is operative. 
corr.pressive impact pressures produce lateral extrusion of projectile 
material j'ear the interface,  a portion of which is sheared off during 
subsequent plate performation.   Above a critical velocity,  projectile 
orientations which produce "flat" impacts cause projectile shatter 
due to shock interactions.    The deformation mass loss mode continues 
to apply above the critical velocity to "non-flat" impacts.    DRl and 
THCJR residual velocity and residual mass relations are used to 
develop multiple plate perforation prediction models.    Predictions are 
compared with data generated at HRL,  RARDi:,  and DRI.    In addition 
to separate residual mass and residuad velocity comparisons,  residual 
lethality comparisons are made using the magnitude of the lethality 

c2 
vector L = M        V.    Two fragments having the same value of this 
quantity have nearly equivalent kill and plate performance capabilities. 

I-B-9.    Irwin,  G. .1.,  "Metallographic Interpretation of Impacted Ogive Penetrators," 
Defense Research Establishreortt, Canada,  DREV-R-632/72 (October 1972). 
AD 907 367 

A metallographic study was carried out on uranium-based pnd tungsten- 
based penetrators which had impacted a semi-infinite soft steel target 
at normal incidence.    The uranium alloys show a great tendency to 
shear adiabatically at the surface.   This is believed to be a function 
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of (a) low work-hardenin(» capatnlitv,   (h) severe stress concentration at 
• he abrupt chanpe in penetrator cross section produced during impact 
deformation,  and (c) bendint; as a secondarv inflncncf-.    Adiabatic shear 
bands are also a site for ductili' fracture.    Mnrtonsitic l'-2M() is 
meclianically hifilily unstable wliilr- 1-1 Mo-. 7Nb-. 7/,r,   in The lamellar 
condition shows promise as a potential altfrnai i\ e to W-\i-Cii at  impact 
velocities above 0. 7(i mm/us.    The iiraniiin. ;illi>s must l)e sufficienlly 
hard,  however,  to avoid sicnificanl mils'.ronnuriL;. 

I-H-IO,    MoCauuliev,   .1. M.  andM.A.   Urneoo,  "lln;li SpoMl Comprossiun  Tests of 
Projectile'steels."  Praii'.-foid Arsf.Tiai,   l{-7;i!!,   (Mavl.'M7).    An4!t3 3!l 

A method wherebv stri'ss-strain data for adiabatic deformation may '"'• 
obtamed bv the use of a drop-wiMt'hl apparatus is described.    An 
adiabatir stress-strain cur\c is fjri'scnted for one lot cf hardened 
manuanese-molybdeniiMi core steel.     I he stress-strain relation for 
adiabntic rieformat ion is cxlri'nielv imporiant becae.se it is probable 
that tne phenomenon of shatter failure results essentially from the 
mstabilitv of adialiatic deformation of the shot riurinp penetration. 

1-B-ll.    McKean,   R. II. and II. W.   I'.uker,  " Melalluriiical Studv of Shattered AP 
Shot, " Frankford Arsenal.   K-fill,   (.lunc 1 '47) 

I-B-12.    Zener,  C.,  "Mechanisn. of Armor Penetration," Watertown Arsenal I.ab, 
R-710/4J>2-1,   (March H'tl) 

I-H-13.    Zencr,  C,,  "Micro-Mochanisni of Iraclure," I rarturinL' of .vle'als.  pub, 
by American Society for Metals,   [).  .'i-31,   (lli-lIH 

I-I5-M.   Zoner,  C.,  ^^nd .1. F.  Sullivan,    ' Principles of Armor Protection," 
Watertown Arsenal I.ab,   U-710, GOT-.'(,   (.lune 1"44).    AD 102 33.3 

Irrespective of hardness of cap,  closeness of fittint,',  t..- of cap design, 
I/l2 caliber plates ren^ove tht; caps of AVC projectiles at service 
vclocilits.    The use of such a flecappinii plate would result in marked 
lowennt; of the shatter velociiv of the enemy's projectiles,  and Iheri.'- 
fore m their effectiveness,   particularly in tin; important obliquity range 
of 30 to 45 decrees, 

C.        KXPLOSU i: KRAC.Mi iNTATION 

I-C-1.     Bedford,  A. .1.,  "An Appraisal of a Method of Siudyinfi the Early Stages 
of Natural FraRmenlation, " Australian Defense Standards Labs,  TN-294, 
(March li-73).    AD 912 23!) 

Quick-stop expei iments on internali-- explosvely loaded steel cylinders 
are performed usiny larger conci ntric steel cylinders to halt the 
expansion.    It is shown that exces.iive amounts of adiabatic shear are 
induced in the cylinder walls and that this is not characteristic of a 
natural fragmentation trial. 
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I-C-2.    Reclford,  A..I.,  "The Natur;il  I'raumentat ion of Steel Cvl ini]<Ts with 
Tempered Mnrtensite Vlicrostructures, " A'lstraiian Defense Standards 
Labs.   H-:>32,   (Dec-emlier l'i72).    AD<n2 311 

Small steel rylinders with m.irtensitic microstptictures produced by 
heat treatinR steels of three differont carbon rontents were explosively 
fr.iumentcd.    Some effccf.'; of material properties on the fragmentation 
behavior are assessed l>v correlatint' rert)vered fra^'ment mass dib- 
trihutions with observations tiiade on tlie operative fracture modes. 
The fracture modes are deterni inrd from optical microscopy of fraRmenI 
cross sections and from scanninf; electron microscopy of fracture 
surfaces.    It is shown,  for tlu' cvlinder sizes used,  that coarse frac- 
mentr.tion is associated with predorii inant ductile- shear fracture 
whereas increases in the cotilrihul ions from radial tensile fracture 
and a(lial>atir shear fracture lead to finer franmentntion.    The relation- 
ships between the modes of fracture and niartensite compositions and 
beat, treatment are discussed,  and particular reference is made to the 
fractography of adiabatically sheared surfaces. 

I-C-3.   Keetle, .lames C, and William H. ;>teward, "A Kractoeraphic Investication 
of i;xplosivelv Krat'niented Sil icon-Mant;ant'se Steels by Scannint; lUectron 
Microscopy," Krankford Arsenal,   M72-n-l,  (Mayl!>72).   AD 90.3 i'>3L 

The influence of microstructure upon fracture mode and relative 
frapmentation performance of steel test cylinders wa.s assessed 
fractograpbically by scannmu electron microscopy.    I'or the compo- 
sitions used in this stuflv,  a microstructural constituent which pro- 
vides a path for brittle fracture under dynamic conditions appears to 
be a necessity for enhanced fragmentation. 

I-C-4.    B'.-etle,  .L C.,  .1. V.   Rinnovators and .1. D.  Corrie,   Proceedings 4th Annual 
Scanning Electron Microscopy .Symposium,  Chicago^   Dlmois,   p.   1.37, (1D71) 

The present investigation was directed toward studying by scanning 
electron microscopy (SEM) the fracture morphology of silicon-manganese 
steel cylinders whicli were fragmented by explosive loading.    The com- 
bined effects of high strain rates,  transient pressures,  and shock waves 
generated during explosive loading produce unusual behavior in metals. 
Direct observation of these effects during fracture is difficult because 
of the extremely short times involvetl.    Indirect techniques,  such as 
optical and rni   . Uographic examination,  however,  have been employed 
in several stu.-.es.    Such studies have provided useful information 
regarding deformation and fracture of materials induced by explosive 
loading.    It was anticipated that the fracture modes would be readily 
determined using the SKM technique and that the results of the study 
would lead to a better understanding of ♦•?:.- fracture process. 

I-C-S,    Claik,   E, N, and I, P.  .Juriaco, "Mechanics of Fragmentation of Cylinders," 
Proceedings of the Army -Symposium o-i Solid Mechanics,  (October 3-5,   I 072). 
To be pul. ished 

The phenomena of fragmentation are described.    Two modes of failure 
occur.    P'or one type,  cracks initiate on the outside surface,  travel in 
a shear direction toward the inside and at some point transfer to 
propagation an adiabatic shear zone to the inside surface.   Another 
mode is fracture propagating in a radial direction and then following 
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I.    ORnNANCh; APPLICATIONS (cont. ) 

an atliabatic .shear zone.    Radial crackint; oriL'ir.atcs with.n the material, 
occurs nnich earlier than shear crackint;,  and results froni wave- 
propasation phenomena.    The depth of radial crarkitiL' is sliown to he 
Roverned hy the temperature of the material.    Thi   niinil;er of cracks 
produced in a section of a cylinder correlates wiili ifie theory of Mott 
if room-temperature static niechanicnl |ir(i|)<.rt les are utilized; 
however,  a hetter relationship can lie <ilii.iiiieri liv allowinL' for variation 
of the number of flaws used hv   Mott's fi>rmiila.     It  is not possilile to 
use such an explanation to correct the Moti constants for all materials, 
however.    It  is concluded tliat tliesi.' risults uistifv a consideral)ly more 
detailed study of the Mott theory. 

l-C-6.    Clark,   K. X. ,   IJ. [..   Ha^'noli and I. I',    turiaco,  " IraL'tiienlat ion Mechanics 
of Cylinders, " l'rucecdin;;s of the l. S.   Arniv Munitions Comniand Science 
Conference,   (.lune 18-10,   IffiH).    AD ".nr, IH'L (Paper uiulassitied) 

The first part of this work is a description of observations mad«' on 
fragments recovered in sawdust.     The materials studied in this case 
were ri21()0 steel given a heat treatment so as to produce a carbide 
crain boundar> and the same steel with a more convent lon.il heat treat- 
ment to fjive It strent'tli romparatile to that of the L'rain boundary 
material.    All fracmentatiun cvlinders fired wore   i inches lonL'. 
2 inches ID,  2.') inches (iD with J-inch-loiiL' aluminum l)pini; loatied 
with composition W.    In all frat;menis stiidierl lo dale adial)atic shear 
forms at least part of th'.- fracture surface^.    Tluis it st.-ems desiralilfc 
that there be many sucli sites nropaL'at ini: through the niaterial to pro- 
vide fracture sites.    Tli<> presence of a lart'e amount of carbon !tas the 
further advantaL'e of proilucmL' a weak lavf'r of material which fractures 
quite readily.     The whole phenomenon of adialiatic shear,  however, 
needs to be more thorouL'hlv studied.    It is probable that tlie onset of 
adiabatic shear is controlled by the initiation of cracks on the (JO.    The 
question remains as to what controls the d<;nsity and length of the shear. 

I-C-7.    Finnegan,   S. A.  and.!.   Pearson,  "A MetallO;rapti.'- An.-.lysi.s of Steel 
Fragments Produced by the Shear-Control  Ait'hod fl,),'   Transactions of the 
7th .WVC VVarhead Research anil development S-, mposium,   .Naval Weapons 
Center,  TP-r.2n.'i,   Vol.   1,  p.  '.1,   (November 1(1-18,   1071).    AD .'il!' 7351. 
(Confidential) 

A metallographic study was made of 'he aeiormation and gross failure 
patterns of fragments from explosively loaded,   thin-wnll cylinders 
of mild steel,   both with and wiihout shea   -control  grids.     The effects 
of temperature emhrittlement were studied by maintaining different 
cylmders in each of the test groups at aml)ient temperature,  and 
-llOK prior to detonation,    Microhardness measurements and optical 
microscopy were used to establish failure niOdes and stress histories 
of the cylinder walls.    Microstructural conditions in the fragments 
are described in terms of grain deformation,   shock twinning,  and 
localized recrystallization   n the ferrite phase with associated varia- 
tions in microhardness.    Gross failure involving controlled shearing 
processes is related to the presence of shear-control grids; and the 
effects of an outer surface tensile skin in some cylinders are related 
to low temperature.  (U1 

I-C-8. Margreaves, C. R. and R. A. Simpson, "The Role of Adiabatic Shear in the 
Fragmentation of Steel, " Honeywell Independent Research and Development 
Report.    (To be r-blished) 

-14- 



/ J 

/ 

\ 

I 

I.    ORPXANCi: APPI.ICATIOXS (cont. ) 

I-C-9,      lloggatt,  C. R. ,  and U. F,   Recht,  "l''raclur<; Iiehavior of Tubulir I'ombs, " 
Journal of Applied Physics 39:18rir..   (lI'fiH) 

The plastic deformation behavior and modes of fracture exhibited by 
tubular bomb casinys are ureatly influenced Ijy the stress .state imnnscd 
by explosive and inertlal forces.    These forces combine to produce 
triaxial conipression over a varvint; inner portion of the tube wall. 
Notinc that compressive lioop stresses would exist over a portion of 
the wall.   Taylor has previously developed a Hypothesis for prediction 
of fracture radius,  assumirg a radial fracture n-ode.    This paper 
introduces hypotheses related to ll.e influ(.nce of stress state and 
thermoplasticity upon fracture mode as well as fracture radius.    The 
resultini; prediction model closely predicts fracture radius and explains 
the development of commonly observed shenr-lip fractures.    It illu- 
strates wliy radial fractures are typical only when detonation pressures 
are high. 

I-C-10.    I^mborn,  K. R.. "The Fracture of Small Internally Detonated Cylindrical 
Bodies Partly Prefraymented by Notching,    l^art  I - ICxternal Notching," 
Australian Defense Standards l.ab,   H-)4"),  (April 1!I73) 

A phenomcnological study has been made of the fracture, on detonation 
of a high explosive filiinfi,  of small cylindrical bodies partlv pre- 
fragmented by external notching.    Certain geometric factors are shown 
to have identifiable effects on the fundamental stress pattern in the 
cylindrical wall, and the l)reak-up of the cylinder is detern ined by 
the deformation'and fracture tiehavior of the material in the net stress 
pattern..    The interplay of the various contributmc geon etric and 
rriuierial factors can impose certain restrains on the application of 
external notching for the control of fragmentation of cylinders of the 
sizes used,  and these restraints are described. 

I-C-11.   Thornton,  P. A.,  andF'.A.  Neiser,  "C;bservations on Adiabatic Shear 
Zones in FZxplosively Loaded Thick-Wall Cylinders," MetallurjicalTrans 
AIME 2-.149G,  (1971) 

In a current metallurgical investigation being conducted on thick-wall 
(■•-inch wall,  7-inch ID),  low-alloy steel cylinders subjected to 
internal explosive loading,  adiabatic shear zones have been consistently 
observed.    To identify the microstruc'ure of the zones and study their 
role in unstable fracture processes,  specimens containing these lines 
were etched either in 2% Nital or 1% Picral + IIoO and sinalysed by 
microhardness measurements, x-ray diffraction,  electron beam 
micro;jrobe and electron microscopy.    Despite the very narrow band 
thickne  s encountered in the specimens analyzed (1  to 14 ICM ),  Knoop 
hardne£.s reading (50g load) were obtained.    These measurements; 
shear zone G73 to 790 Khn (Rj, 30 to :)G); and matrix 415 to 480 Khn 
(R(.) 33 to 38),  indicate that the aaiabatic shear zone is substantially 
harder than the matrix and are similar to values for untempered and 
tempered martensitt, respectively,  for the 4337-M steel evaluated. 

1 
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I.    ORn.NANCi; APPLICATIONS (cont. ) 

l-C-12.   Tucker.   U. C.,  C. F?.  lloycatt,   WAX. ('rr,  and K.   1".   Reclit,  "Prediction 
of the Theoretical Hedavuir and Knert.'v Transfer when Solids are Suhjected 
to Kxplosive I.oadinL;," Denver He.search Institute,   DUI-22'^'l,   (Autrust 20, 
1965),    AD 47") 078 

I'roposerl in Ihiri program is a technique to ili;srribo the mode of frad- 
mentation and the vector velocity of frayments from center-initiated 
cylindrical and spherical charfes,  and the explosive projection of flat 
plates,     1 he approach taken permits the rictcrminat ion of the system 
v!iria()les from the pressure dislrihution within tlie wall and the shape 
of thct case at various times after initiation up to the moment of breakup. 
The shape of .i cvlinder  it various incrcnionis of time can h<' filj'ained 
l)y solving the equations if motion for an cxpli .-.u ely loaded cylindrical 
wall considorint! the time of pass ice of llie detonation front  with respect 
to Riven points on the wall in the axial dir<.-ction.    From the sliape of 
the wall,   the radial and loiiKitudinal strains can he olitained.    It was 
founfl that,   in f^eneral,  there was ins.iffuitMi' lonmtiidinal strain to 
cause failure normal to the axis and that rfie fragments must therefore 
be the result of the coalescence of ranrloni longitudinal fractures.    A 
method for ohtaiciint; the velocitv and dir<'cti(in of the frapments by 
considering both the shape and acceleration of the wall at the momer 
of breakup is (iresented.     In adrlition,   n firohabil ist ic method for deter- 
mining the numlier of loiigitiuhnal fractures is presented,   and a pro- 
cedure for determining the si7e and number of fragments is proposed. 
An analysis of the state of stress in an explosivrdv expanding cylindri- 
cal wall illustrates the mechanisms of deformation and modes of 
failure.    A summary of the results of a limiterl exper'mental program 
which was designed to check the procedure.-; u.sed in the analvsis is 
also presented.    Sample values for several of the variatUes are given 
and (jraphs which indicate the effect of a range of values for paramct^TS 
that are not fixed are given,  along with sample calculations which indi- 
cate ihe utilization of (he analytical techniques :\r\(\ forrrulne. 

l-C-13.    Walsh,   M,,  "Influence of Geometry on the Natural I-ragmenfat ion of Steel 
Cylinders, ' Australian Defense Standards l.ab,   U-.")33,   (January liHS). 

The influence of variation in cylinder geonu'trv on the fra[.'mentation 
and mode of fracture of internallv-detonated steel cylinders matle from 

, an annealerl medium-carbon steel !ias been investigated.    The two 
/ principal geometric parameters chosen for study were wall thickness 

'      ' and C/.M ratio (the ratio of the weight of high explosive filling to that 
of the cylinder material),    ('or cylinders of constant C/M ratio but 
varying wall thickness,  a scaling relationship was found to apply,   ilie 
fragmentation varying in proportion to the original cylinder weight. 
In cylinders of increasing C/M ratio,   where the wall thickness was 
kopt constant,  a continuous increase in the fineness of fragmentation 
was observed and this could lie characterized by a simple mathematical 
expression.    The variation in fragmentation possible between fi€;om<.'tri- 
cally similar cylinders made from two steels to the same commercial 
compositional specification,  but with carbon contents near the extremes 

/     / of the specified range,   was also investigated.    It was found that with 
the geometries used, large differences in fragmentation could occur 

/ due to the effect of carbon on microstructure. 
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0. i;\Pi.()Sivi: lORMiNd (F SI.res 

I-D-l.    Hayes,  fl.A.  and T. I..  Ilfrliiit?,    '(•ptical M<:lalIoi;rapliy of I,Jnnar-Shap<!fi- 
CharRc Iraymcnls, " .Nasal Weapons Ct-nler,  TP-48'):i,   (.lulv l''"0). 
AD 878 080 

/ 

This report prescnt.s a mi'tallot;raphir mnthriM l)y whirh one may r«.Ton- 
strucl the I inear-shapi'd-rharLM- collapsf process. From ihe mirro- 
structurc of rocoserfd idenu-n's of collapsed charL'c liners much can 
be learnefl aliout the dt formalioti processes that havj- occurred. The 
m icrostructLires of soni<- typical linear-shaped-charye fragments are 
illustra'td, and some of the more int'.Test ini; details and their impli- 
cations are discussed. 

l-D-2.    Moss,  C;. L.,  and S.  Toms.  H.   \itali,  and A.   Merendino,  "iCffect of'1 arcet 
Microstruclure on I'enetration l>v Shape Charge -lets," l^allistic Research 
Laboratories,   MH-17.'j:'.   (April l"r,fi).    AU-1B7 842 

Penetration i>y shaped charge jets into 41-10 steel,   steel ariror and 
white cast iron has Ix-en invest lyated to determine the magnitude of 
the effects of tar;;ei microstruclure on penetration.    Results prove 
that target microstructures is a sinnificant variable in 'he penetration 
process and that differences due to m icrostructure can lie distintruishcd 
after only "jQ microseconds of penetration.    Differences due to micro- 
structure accumulate d.irint; penetration such that total penetrations 
may differ markedlv.    A J > "o difference was observed in this work. 
Strain mechanism and crack initiation were different for various 
microconstituents and are accordinu'ly assumed different for rach tar- 
pet.    The symmetry of the strain and cavity produced in the 4140 steel 
depends on the rollmy direction. 

I-D-3.    Whitson,  .1. C.,   R. A.   Plauson, and C. D.   I.ind,  "Characterization of Linear 
Shaped Charfie (LSC) Kiecta, "   Trans 6th N'WC Warhead Research fc Develop- 
ment Symposium,   Naval Weapons Center,  TP-483!i,   \ c)l.  2,  p. 5^'", 
(October 14-IG,   1969),    AD '107 IGfiL (Confidential   -   Paper unclassified) 

A study has been conducted of the formation and behavior of the ejecta 
from a representative sinf;le-vane linear shaped charue.    Flash radio- 
graphs of eiecta have revealed information concernint; ejecta dynamic 
behavior before tari;et impact.    A simple hypothesis of eiecta formation 
based on examination of metallopraphs of recovered ejecta samples is 
proposed. 

-17- 



11.    MET.\LV\(JUKU\c; 

BLANKINei/l'UNLIIlNCi 

U-A-l. Campbell,  .1. U. ; J.   Harding and A. K.  Uowlinj^,  "Dynamic Punching of 
Mftals. " In-st Metals !m:215-24.  (July  l'J70) 

Earlier investigations into tlie response of metals to high-velocity 
punching are briel'ly reviewed.    A sliort description is given of an 
apparatus fur measuring loads ;ind displacements during the dynamic 
punching of metals.     I'unch load/displacements curves are presented 
for a aelection of metals having a representative range of mechani- 
cal properties,   al punching speeds between ixlO'-^ and 900 ips 
(1. 3 X 10"'* and i'.i m/sec).     Krom such curves the effect of loading 
rate on the energy required for punching is determined.     Estimates 
are made of the width of the sheared zone at different punching 
speeds. 

ll-A-2. Johnson.   V\.,  and 1". VV.   Travis,  "High Speed Blanking of Steel, " 
Engineering Plasticity Proceedings,  edited by J.   llryman and K. A. 
Leckic,  (l!)(ia) 

Experiments are descrioed in which l-l/2-inch-wide strips of 
1/8-inch-thick black mild steel sheet were blanked with flat  ended 
cylindrical punches of H/8-inch diameter fired from an industrial 
stud-driver.    1 he effects of (a) radial clearance between the punch 
and the die and (b) the mass of the pi nch upon the kinetic energy 
required to be imparted to the punch for successful blanking are 
investigated and comparison is drawn with .specimens blanked quasi- 
statically using a universal testing machine.    Kesults are also 
presented of the penetration of the punch versus kinetic energy of 
the punch for unblanked specimens and of the mass and polar thick- 
ness of the blank versus kinetic energy of the punch for blanked 
specimens. 

lI-A-3. Stock,  T. A. C. ,  and A. L.  Wingrove,  "The Energy Required for High- 
Speed Shearing of Steel," Journal of Mechanical Engineering Sci 13:110, 
(No.  2,   1971) 

Some results arc presented relating to the effects of shearing 
velocity on the energy required for the shearing of both high- and 
low-carbon steels.    .Analyses of these results suggest an explanation 
of some of the apparently contradictory findings of other workers. 
The results obtained may be explained in terms of the relative 
imbalance between plastic softening due to adiabatic heating and 
increase in flow stress due to stain and strain rate. 

B.       COLO ROLUNG 

II-B-l. Couling,  S. L. ,  J. F.   Pashak and L.  Sturkey, "Unique Deformation and 
Aging Characteristics of Cer'.ain Magnesium-Base .Mloys, " .ASM Trans 
51:94.  (1959) 

Certain magnesium alloys exhibit unlimited cold-rollability.    A 
plot of percent rolling reduction versus tensile yield strength for 
these alloys shows the yield strength to reach a maximum at about 
15% reduction and to decease progressively from this point on with 

Preceding page blank 
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1!.    ME'l AI.WOHKINC; (cunt. ) 

iiitreasiiij; reclucti"ns,    Aginj^ the cold-rolled material at a low 
temperature rai.ses the yield strongtli; the f;reatei' tlie rolhnt; 
reduction,  the luglier the yield .strenj^th on sul).--u4ucnt ajiui)^.    The 
deform-.tion mechanism operative in these alleys which accuants for 
their unusual property variations is descrilicU cmd the orobHl>Ie aying 
mechanism discu.ssed. 

CL TTl.NG/iMACIIIMiNC. 

11-C-l. black,  .).'!.,  "t)n the l"undan\ental Mei liani.-.iii of l.ar^e Strain I'lastic 
Deformation." ASMH Trans,   l'up"f 70-V^ A/I'nxJ-11,   (li'70) 

The process of hirfje strain plastic defornialioii,   such as commonly 
found in the machining pr.icess,   has heen investigated bv  traiis- 
niission and scannini; eleitroii niicroscopy techraijues.     1 he 
iatiiella-shear front nature ol defurniatioii ii. copper and aluminum 
chips has been elucidated fully,  and tiie vccurrence of lamallae has 
been correl.ited wi'.h cry.stalloyraphic and metal cutting parameters. 

Il-C-2. lUack, .1.1. ,  "Shear Krcr.-Lamella Structure in L.njje Strain I'lastic 
Deformation Processes," ASMK Trans,   Paper 71-1'rod-l,  (1971) 

The exaniinatior. of the surface morphology of copper,  aluminum, 
and steel chips produced by standard shop niachinini; processes 
through the use of scanning electron microscopy lias led to a more 
fundamental understanding of large .-^tiam plastic deformation 
proce.s.ses.    The interpretation of these lindinj;s is discussed in 
terms of well-documen'^d dislocation mechanisms typically associ- 
ated witli tensile and co..iprossiop. deformation of metal crystals. 
Thf; effect that such investigations will have on the true understanding 
of the mechanisms involved in plast.c deformation processes is noted. 

U-C-3. Lemair,   I.  C,,   "Adiabatic Instabilitv in the t)rthogonal Cutting of 
Steel," -Mb Thesis,   .MIT,  (May tUTl)" 

Discontinuous chips of l"e-IH. 5Ni. 52C" tempered niartensitic steel 
were formed by orthogonal cutting at speeds froni 0.074 ft/sec to 
3.'{3 ft/sec for .several depths of cut using tools with rake angles of 
1,  5,   10,   15,  and 20 degrees.    Martensite is observed to revert to 
austenite in a thin band along the sheared edges of the chips for 
speeds greater than 7. 50 m/min and rake angles less than 15 
degrees.    The existence of austomte is taken as an indication that 
the temperature of these bands is in excess of •42(iC.    It is found 
that only tliose cutting conditions which ci"eate shear-zone temper- 
atures between 100 and 200-C' facilitate tlie formation of austenite. 
Tensile te ;ts conducted in the range of temperatures from 25 to 
314 C reveal austenite on the fracture surface only at temperatures 
below 200C.     It IS suggested that an adiabatic instability and subse- 
quent release of elastic energy from the machine account for the 
presence of austenite bands. 
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U.    METAHVt)KKl.\0 (cont. ) 

Il-C-4. Lemaire,  J. C. ,   and W. A.   Hackofen,   "Adiabatic Instability in the 
Orthogonal Cutting of Steel, " MetaUuigical Trans 3:477-481.   (1972) 

The reveraion of h'e-lB. 5Ni-. 52C tempered martensitic steel to 
austenite under sliear was used to study the formation of discon- 
tinuous chips by ortho/^onal cutting.    For certain combinations of 
cutting speed,  depth of cut.  and tool rake angle,   chips with bands 
of reverted austenite along their sheared edges were formed. 
Tensile tests on the same material exhibited transformed ausleiute 
on the specimen fracture surfaces for tests conducted below 200 C. 
Metal cuttmg theory predicts tiiat continuous plastic deformation 
during chip formation cannot heat the material to its reversion 
temperature.    Analysis of the machine-sample interaction before 
chip separation shows that adiabatic instability can occur,   resultinj;! 
in locali:£ed shearing and a temperature rise to at least Ag.    Only 
those chips which are heated during continuous deformation to 
temperatures between 100 and 200'C undergo adiabatic instability 
and reversion. 

ll-C-5. Pomey.  J.  " l'"undaniental Mechanisms in Metal Cutting."  Kev. 
Krancaise de Mecanique,  p.   73-100.   (No.   18-19.   1966) 

From a review of available information oKi {rtsrsticity.   on chip 
formation,  and on friction due to sliding between chip and tool,  it 
is concluded that lack in present knowledge of these phenomena 
makes additional studies mandatory.    Three directions of scientific 
investigations in these areas are indicated, and suggestions are 
made regarding various techniques by means of which phenomena 
of chip formation and slipping between chip and tool can be dissoci- 
ated in cutting tests. 

II-C-6. Pomey.  J. .  " Fundamental Mechanisms of Metal Cutting, " Proc. 
Seminar on Metal Cuttint; (O. C. D. E. ).   Paris,  p.   29-78.  (1966) 

Metal cutting is considered on the basis of the distinct,  but inter- 
related,   mechanisms of {ai plasticity in relation to chip formation 
and (b) friction between chip and tool.    Slip,   stress,   shear,  force, 
time.  temf>»i>at«re.  diffusion,  wear and tool-life effects involved 
are mathematically and otherwise considered.    Cutting,   friction, 
and wear testing,  and attack-angle,  cutting-rate,  and metallurgical 
factors are reviewed.    Research approaches are suggested. 

ll-C-7. Pomey,  J.  "Remarks on Plastic Chip Formation (During Machining)," 
Proc.   Seminar on Metal Cutting (O. C. U. E. ).   Paris,   p.   J9-110,  (1966) 

Theoretical and practical aspects of plastic chip formation are 
considered in the light of a principal mechanism i'lVolving slip in 
c4n average direction,  as a function of the direction of travel of the 
tool cutting edge in relation to the work-piece.    Specific reference 
is made,   on the basis of metallographic obserxations by Svahn,   to 
pseudo-periodic development,   within the chip    of strained regions 
related with surface waves upon it.    Special 'orsion tests and high- 
speed-cinematography studies in this respct are mentioned.    In 
discussion G. C. Cao criti^,a]ly considers the parallel-slij) and other 
concepts in the light of his and other chip-formation models. 

-21- 



II.    MEl.MA^OKKlNf. (toiil. » 

U-C-l). I'on-.'.'v,  .J.  "lioniarks on I'lastic l-'low of Chips in Metal Cutting;. " 
Key,  "l-iain.ai.sf Ue Mecuntque,   p.   101-4,  (No.   Irt-lU,   1960) 

.\ phoioj^raph and Urawing reproduceil from I).   Svann's mitrophoto- 
grapti .'■how pscuUtjperiodic devc-lopnicnt of more ur less strained 
ioni.'.s ill the clup,   which are tlosely coiiru-i ted v.n\i .suit'uce wavts. 
This phenomenon is clearly e.xp'vmed l)v disuibulion in.stabilily 
which may occur m adiabatic plaslieit;,.    licsulls indicates need 
for special torsion tt-sts of metal and of cutlmn te.sts witli liijih- 
speed photography, 

lI-C'-'.i. Kecht,   K. !•■. ,  "Catastrophic Thermoplastic Shear," .lournal of .Applied 
Mechanics .11:189.  (i\o.   2,   li)U4) 

Uyiiamic plastic behavior of nuiterials is influenced by iiuernally 
generated temperature gradients.    These j;radients are a function 
of thei-ni.jphysical properties as well as strain  rale and shear 
strength.    Criteria arc presented for the piediction of catastrophic 
shear in materials.    Catastropliic shear occurs when the local rate 
of clianye of temperature has a negative effect on strength which is 
equal to or greater than tlie positive effect of strain-hardenim;. 

•■ Catastrophic slip is an influential deforniation mechanism during 
high-speed machining .iiid ballistic impact.    Structural failure may 
occur during dynamic loading c;f components,  which are designed 
without regard to Jie .-.pecific sensitivity of certain materials to 
catastrophic shear. 

lI-C-10.       Svahn,  O. ,  "Plasticity in Cutting,"  Proc.   Seminar on Metal Cutting. 
O. C. D. E. ,  p.   7'J-U4,  (I'JOG) 

The importance of plastic deformation in relation to friction, 
temperature,  cutting forces,  machinability,  tool life,   surface 
finish,  and other factors in metal cutting is emphasized.    .A 
cooperative research program comprising formulation of true 
stress/strain diagratus,  recordiiif; of cutting force,  and metallo- 
graphic observations is outlined,   and results obtained are ill'istrated. 
Chip formation,  sir.iiii-harderung effects,  necking-type instability, 
cliemical interactions,   adhesion,  and definition of machinability are 
amoni; the aspects raised in discussion. 

II-C-II.       Von Turkovich,  B. F. , "Mechanics of Cutting,"  l^ruc 1st Intl Ceincnled 
Carbide Conf,   SMK Tech I'aper M1<71-'J03,   (1971) 

Hlastic deformation and fracture,  normally confined to a volume of 
metal aJiead of the tool,  are strongly affected by the conversion of 
mechanical work into heat.    The modern theory it; based upon the 
micromechanics of crystalline defects interactions and the thermo- 
dynamic state of material.    The cutting process appears as a 
stationary sequence of adiabatic slips,   with the frequency governed 
by the thermal conductivity and the initial temperature of the work 
nriaterial.    The details of the process are presented in the light of 
dislocation theory, and the results are correlated with continuum 
mechanics for technological purposes.    The main conclusion is the 
generalization of computations leading to rapid and reliable estimates 
of cutting forces,  temperature,  and surface finish. 
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II.     METALWOKKING (cont. ) 

U-C-12.        Von Turkovicli,   U. F. ,  and M. K.   iMcrchant,  "On a Class of Thernio- 
Meclianical Processes during Kapid I'lasUc Ueforniation (with Special 
Reference to .Metal Cuttinc)." Annals of C. I. K. l-*.   21:15-18,  (No.   1, 
1072) 

The phenomenon of conversion of mechanical work into heating 
during plastic deforfnation and the resulting effect of heat pro- 
duction on the mechanical properties of the detorniing material 
IS considered.    Ir particular,  a peculiar process called "adiabatic 
shear deformation"  is illustrated; this process is frequently thougTit 
to be responsible for tlie narrow deformation zones in many r<tpid 
metal woiking operations.    .A simplified analysis of the deformation 
process taking place in these narrow shear zones is presented. 

ll-C-13.        Wright,   1'. K. ,  "Metallurgical Effects at High Strain Kates in the 
Secondary Shear Zone of tlic Machining Operation, " V.etallurgical 
Effects at High Strain Kates,   edited by li. W.   Kohde,   oub.   by i'lenum 
Press,  p.  547-568,  (1973) 

The paper analyses the strain rates and conditions of deformation 
that occur during semi-orthogonal metal machining.    E.-nphasis is 
placed upon the area termed the secondary shear zone or flow zone. 
It is demonstrated that,   when machining at high rates of metal 
removal,  conditions of "seizure" occur at the chip-tool interface 
to cause a high strain rate deformation within the chip flow zone. 
These processes promote considerable adiabatic heat genera' ion 
with consequent metallurgical changes in the chip structure ana a. 
reduction in the stress acting along the interface. 

D.        EXTRLSION 

U-D-l, buffet, J.,  and B.  Jaoul, ''Actual Deformation During Extrusion, " 
Rev,  de Metallurgie (Memoirs) 57:827-833,  (September 1960).    In 
French 

U-D-2. Dower,   R. J. ,  "The High-Speed Extrusion of Some Common Metals." 
National Engineering Laboratory,   K-188,  (June 1965) 

Aluminum,   copper,  alpha-brass and En2E mild steel have all been 
successfully extruded using impact spee'is of up to 36-1/2 ft/sec. 
Studies of the mechanical properties and inicrostructures of rods 
extruded at high spe-^d show that the temperature rise due to the 
adiabatic nature of the process has a considerable effect,  complete 
recrystallization occurring in aluminum and copper at extrusion 
ratios greater than 8:1 and in alpha-brass at extrusion ratios greater 
than 23:1,  at impact speeds of 36-1/2 ft/sec.    No greater "form- 
ability" was observed,  and attempts to extrude HD44 aluminum- 
magnesium-silicon alloy and DTD363A aluminum-zinc-magnesium 
alloy at high extrusion ratios resulted in complete disintegration of 
the product. 

U-D-3. Herenguel, J.  and P.   Leiong, "A Metallurgical Mechanism Particular 
to Extrusion; Hyperwelding, " Rev,  de Metallurgie 55:1057-1064.  (July 
1958).    In French 

^►^ 
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ll-U-4. Hirst,  S.   and U. II.   Ursell,  "Some Limitinf; Factors in Extrusion," 
Metal Treatment and Drop Forgint; 25:40!)-4I4.   (October 1958) 

Certain alloys with high strength at their wcjiking tenaperatures 
pose difficult problenas m extrusion.    In unUiljricated extrusion, 
the conditions involvec! often cause severe leslrictions on extrusion 
ratio and speed,   and,  to widen the field over wh.ch the process is 
possible,   lubrication techniques have been evolved.    Limitations on 
extrusion ratio imposed by the dimi'nsions and preiieat temperature 
of the billet for any given press lapacity may be expressed in the 
form of a family of curves on a ijiaph of extrusion ratio against 
preheat temperature.     Kxlrusion ratio is alsu restricted by unaccept- 
able temperature rise due to heal input,   and this limitation may be 
expressed in another family of curves on the Same graph,   thus 
defining MP enclosed area m >A/IIICII extrusion is possible for any 
given conditions.    This basic graph is extended to cover different 
press capacities,   ram speeds,    iiid coefficients of friction; it i'-' 
shown that it may also be used to predict a phase ti'ansformation 
tempei-ature being reached durir.g extrusion.    Tlie relative potenti- 
alities of lubricated and unlubricated extrusion are compared. 

II-D-5. Kiszka,  .). C. ,   and K. II.  KottcampJr. ,  "High Strain Rate Forming by 
I'neumatic-Mechanical liquipment - I'hase I;   Extrusion of HOO-0 
Alurffirium,"  FrariWord .Arsenal,   U-174a,  (Uecember 1964) 

II-U-6. Lawson, Ci. A. , "Mechanical I^roptrtics of Cold-Extruded Aluminum 
Hods," National Engineering Laboratory,   14-51,  (September 1962) 

Il-U-7. Osina,   V. .  "Forming of Metals at lligli Kates and Energies," Metal 
Treatment,   aJ:193-204,  (May  1966) 

This article is concerned with changes in the microstructure of 
steel during bulk deformation and at high velocities of the tool. 
During experimental researcli m Czechoslovakia on forward extru- 
sion at rates of the order of 100 in/sec,   it has been found that an 
unfavorable effect on the strength of the components is produced. 
In the structure,   bands appear which the author classifies as a 
niartensitic structure.    He attributes their formation to the action 
of heterogeneous slips.    A theory explaining the mechanism of the 
stated structural clianges is elucidated. 

II-D-8. Forney,  J. ,  "On a Phenomenon of Adiabatic Plasticity," .Annals of the 
C. 1. n. p. .   13:93-109,  (March 1966) 

If we consider a homogeneous spatial distribution of all the physical 
and mechanical parameters in a solid body in the course of a plastic 
and adiabatic deformation by simple one-direction slipping,  this dis- 
tribution becomes unstable and a layer appears in which easy slips 
occur at high temperature through creep.    This layer separates the 
solid body into two fields which may be submitted to two different 
systems of stresses,  for example,  elastic on one side and plastic 
on the other.    The physical characteristics of the material which 
is the most important to consider is dfldO which varies in a similar 
manner to Si/90.    1 his phenomenon can be studied by experiments 
on shearing by extrusion in simple test pieces.    In seizure by dry 
slip friction between two solid: ,   this phenomenon explains the 
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transfer of metal.    In metal cutting it e.\pl;iins the process of the 
formation if a built-up edge; tlie reason for the existence of an 
economical rate for cutting and the speed limit at which the tool 
becomes blunted.    It also takes plrice in extrusion,   in hot stamping, 
in cold heading,   in punching,  etc. 

II-D-9. Pomey,  J. ,   .'\.   Koyez,   !'.   Mathon,   and M.   Mouflard,  "Etude surle 
filage a froid des aciers," C. I. H. F.  .Annalen.  9:185-193,  <1963) 

This paper deals with the cold extrusion of steels,   specifically 
extrusion of soft steel and iron billets.    The use of lubricants and 
pretreatment of billets to facilitate ease of extrusion are investi- 
gated.    Kesults indicate that soft iron biUetf can be extruded more 
easily if nitrided,   but steel billets may not be so processed for 
fear of cracking during extrusion.    Extrusion pressure,   lubricants 
and strain endurance are considered. 

II-D-lO. Pugh, II. L. D. , M. T. Watkins, and G. S. Lawson, "Cold Extrusion of 
Aluminum and Aluminum Alloys," Metal Treatment and Drop Forging 
31:82,  (March 1964) 

lI-D-ll.       Singer,  A. R. E. ,  and J. VV.  Coakham,  " Factors Affecting Temperature 
During the Extrusion of Non-Ferrous Metals," Metallurgia 60:239, 
(1959) 

Outing the process of extruding a metal through a die,  the heat 
content of the billet may be increased by such factors as friction 
at the metal container interface,   severe plastic deformation in the 
die zone,  and die friction.    A certain amount of this heat generation 
is offset by loss of heat from the billet by conduction.    In this paper, 
the authors consider the heat balince during extrusion under a 
range of conditions,  and examine the progress made m controlling 
the temperature variations arising. 

II-D-12.        Svahn,   E. ,  and P.   Boije,  "Investigation Concerning the Semi-Cold 
Working of Material, " Annals of the C. I. K. P. .   13:417-424,  (1966) 

II-D-13.        Wallac?.  J. F. , "Adiabatic Deformation in Impact Extrusion," Journal 
of the Institute of Metals 90:38-41.  (1961-1962) 

Except for a small fraction retained by micro- and macro-residual 
strains, the work done in the plastic deformation of metals is con- 
verted into heat.    At very high strain rates adiabatic conditions will 
be attained in individual elements of material as they are deformed, 
and the effect of the heat of deformation on the flow and forces 
required should be immediate and continuous rather than cumulative. 
Most materials exhibit a reduction in flow stress with increase of 
temperature; so,  with adiabatic deformation,  the work done to pro- 
duce the deforma .> >n,  and hence the deforming forces,   should be less 
than in isothermal deformation.    High strain rates have been obtained 
by extruding lead and alumnum under the impact of a drop hammer, 
and experimental measurer ent of the heat content of the extrusion 
suggests that the entire pre ;ess is substantially adiabatic.    Evidence 
that the basic deformation j ressure under these conditions is less 
than at low speeds is given iv experiments after the total extrusion 
pressures are corrected for the inertia forces.    It is suggested that 
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II.    METAL\VC)KKIi\U (cont. ) 

tins reduction of extrusion pressuro may be obtained with extrusion 
velocities at which the inertia component of the lo^a  vould be 
negligible and that difficult extrusion may be more easily performed 
with repeated small impacts. 

E.        FORMING 

II-K-1. Backofen,   Walter .A. , Deformation I'rot c.s.sint.'.  pub.   by Additioii- 
Wesley,   :i26p. ,  (1972) 

II-E-2. Uoulger,   r. vV. , "lligh-\ olocitv I'ornuiiU. " Defense Metals Information 
(."enter,   K-22G,  p.   IJ.  (ISIGC). " AU-lj;;i .<.-l-l 

II-E-3. Elfmark.  Jiri.   "Effect (jf Deforniatioii Kate on Hot Kormability of 
Steels." llutnicke 1-isty 27:62U-Ij:;0,   (September l'J72).    In Czech 

A review,   concerning the effect of tlie deformation rate on the hot 
forniability of steels i.s presented,   and additional information,   in 
the form of expeiimcutal I'esults,   i.s given.    t)n the basis of known 
resultc,  an equation expression the thermodynamics of the defor- 
mation of a torsion test specimen was computed.    The equation 
was valid for a number of variously alloyed steels .-iubjecied to 
deformation at ratet of between 10"'^ and 10/sec. 

II-E-4. Karlik,   A.   and \'. L.   Osina.  ''Iliyli Eneryv Hate in the Korrning of 
Metals." huletinul Institutului Holitechnic 8:J41,  (1962) 

II-E-3. Gerds,  .A. K. ,  "Adiabatic Conditions in Deformation l-'rocessing," 
Defense Metals Information Center,   H-2A:i,   Vol.  3,  p.   117,   (1967) 

lI-E-6. Kinehart,  J. S. ,  and J.   I'earson,  Explosive Working of Metals,   pub.  by 
Pergamon Hres-s,   351p. ,   (I'JGiO 

U-E-7. Truelock, U. W.. J. K.   Kussell, and C. M.   Phelon, "lligh-Velocily 
Forging," Air Force Materials Lab,    1 H-6»-374,  (December 1968) 
.\D 858 313 

This is a manufacturing metiods prograni to investigate the dynamic 
response of selo.ted aerospace alloys deformed by upset forging 
from roon temperature to 19 JO F at impact strain rates from 
quasi-static '100 in/in/sec. ) to 8000 in/in/sec. 

lI-E-8. Wistreicli,  J. U. ,   "Fundamentals of Wire Drawing. " Metallurgical 
Reviews 3:97,  (No.   10,  1938) 
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HI.    METALLLKGICAL STUDIES 

A.       UEFORMATION IIAKUKMNG/SOKTEMNG 

IlI-A-1.        Andrew, J. II. ; II.   Lee,  and L.   Mournc,  "Effect of IIigh-Spc-ed 
Deformation on Steel," Iron \ Steel Institute Journal 1G5:;57,  (1950) 

The effect of rapid deformation on steel by means of a dynamic load 
impact has been investigated and the results confirm those of pre- 
vious workers,   via. ,   that tlie deformation is extremely locali;i.ed 
giving rise to the formation of a white band.    X-ray examination 
shows this band to contain auslenite and marten.->ite. 

lll-.-\-2.        Conrad,   II.,  "Thermally Activated Deformation of .Metals, " Journal 
of Metals 16:582-588,  (1964) 

The dynamic nature of the plastic deformation of metals and its 
relation to specific thermally activated dislocation mechanisms 
are discussed.    Experimental tectiniques for evaluating the defor- 
mation parameters needed to identify the rate-controlling dis- 
location mechanism are described.    The mech:;rifems that appear 
to be controlling in various temperature ranges iirc listed.    Such 
fundamental lattice properties ns the force-distant curve for a 
thermally activated process,  the energy of a dislocation kink or 
of a jog,   the stacking fault energy,  and the activation energy for 
seif diffusion are indicated to be derivable from macroscopic 
mechanical property data. 

lU--\-3.        Culver,   R. S. ,  "Adiabatic Heating Effects in Dynamic Deformation," 
Proceedings 3rd International Conference of the Center for High Energy 
Forming,  p.   4.3.1,  (1971) 

I A thermal inst  bility strain,  based solelj on thermal and mechani- 
f cal properties,   i.~ hvpothesized for thr. case of un'lorm,  adiabatic, 
• plastic.    A mathe».'..ii 'il model has been presented to predict the 

degree of adiabaticu\ < \, sting in the deforming region.    Torsional 
impact experiments weie carried out on mild steel,  6061-T5 

i aluminum,  and commercially pure titanium to investigate the 
' existence of the thermal instability strain.    The titanium,  which 

has a low theoretical thermal instability strain,  underwent strain 
localization at approximately the predicted value,  while the other 
two materials failed at strains well below their respective instability 
strains but somewhajl^bove the static fracture strains. 

llI-A-4.        Culver,   R. S. ,  "Thermal Instability Strain in Dynamic Plastic 
Deformation, " Metallurgical Effects at High Strain Rates,  edited by 
R. W.   Rohde,   pub.   by Plenum Press,   p.   519-530,  (1973) 

From the results presented,  it can be tentatively concluded that the 
theoretical prediction of the instability strain is valid for materials 
with a low instability strain,   i. e. .  in those cases where the insta- 
bility strain is approximately equal to the conventional fracture 
strain.    For those materials for which the thermal instability strain 
is well above the static fracture strain,  the maximum in the torque 
curve does not cause catastrophic failure but rather the initiation of 
a diffuse neck.    Further tests on other materials with high and low 
values for shear strain will be made to clarify these points. 
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111.    MKTAI.l.LUGlCAL STLUIICS (com. ) 

lIl-.\-3. Uietef. G. H. , "Hardening Effect Produced with Sliock Waves," 
Strenctlieiiint; M^^hanisms in Solid.s, pub. by American Society 
for Metals,  p.   279-340,  (1960) 

lU-.\-G. Fell,   K. W. ,  "Strain in Steel." Carnegie Scholar^^lllp Memoir.-; 
16:101-129,   (1927) 

Experimental work wa.s undertaken to investiuate the detection and 
the nature of permanent strain in steels winch would be of valui, 
to practical metallurgists and entinirerri.    .Since perniai.ent strain 
occurs before almost all failu es in service,   ,i knowledge of the 
meclianisni of strain may w\.-ll loud to tlu' prevention of some failures. 

Ul-A-7. tilass,   l. M. ; (i.   L.   Moss and S. K.  Colaski,   Kespunse of Metals to 
High \"clocity Deformation,  pul).   by Interscience,  p.   115,   (1901) 

Experiments were conducted on tlie higli-velocity deformation of 
. single-crystal and polyirystalliiie metals,   using explosive systems 

to produce tlie loading on the metals.    Tiie results from these experi- 
ments indicate the metal propeilies influence ttie dcformatio.n.  even 
at pressures of ;iOO Khar.    In single-crystal studies,   framing 

' camera records sliow Uiat inten.ally loadeu aluminum cylinders 
begin to deform nonunifnrmly during tlie first reflection of the 
compressive wave Iroin ilie free surface,   and the pressures cal- 
culated in these experiments are ajjproximately 20 Kl)ar at tlie free 

/ surface,  and 250 Kl)ar at the metal-explosive interlace.    Copper 
/ single-crj stal studies show tiiat tiie deformation takes pUce  ilong 
; convention;il system.-^ and that tin.' deformation structures observed 

may be accounted for after tlie passage of the first compressive 
.wave.    In addition,   twin-like structures formed are analy-ied,   using 
x-ray tecliniques,   as being kuik bands,  within winch no reasonable 

i ' deformation is observed.    Several li.teresting structural changes 
in steel produced by intense pressures :^re discussed Microscopic 
studies of fracture surfaces indicate that the fractures begin at 
inclusions, and the propagation of liie fracture surface is a function 
of the number and types of inciusittis. Indications are tliat fracture 
should be considered a functior ol impulse, ratlier than pressure by 
Itself. 

,.., Ul-A-8.        Price,   K. J.,   and A.   Kelly,  "Deformation of Age-Hardened AUoy 
Crystals.    II - Fracture,'^' Acta .Metalluigica l2:i)TJ.  (1964) 

Single crystals of Al Cu,  Al .\^,  and Al '/.n,  aged to contain CP 
/ zones,   fracture by sliear on allll j plane in a <110> direction 

followed by crack propagation.    There are tiiree stages in me 
fracture.    First,  coarse slip band.s appear at a constant resolved 
shear stress which depends on temperature for a given material. 
Secondly,   a large shear occurs on one of these and lastly a crack 
forms at the foot of tlie shear step produced.    The first two stages 
also appear in compression.    'I'lie coarse slip bands whicli initiate 
fracture appear to be produced at such a sliear stress that the 
stress for their appearance n\iiius the critical resolved shear stress 
is roughly constant in a given temperature although slightly affected 
by alloy content.    It is concluded '.hat the appearance of the coarse 
slip bands is a property primarily of the work-hardened matrix and 
not of the precipitates,  and that they appear when some barrier 
formed during work hardening is broken down. 
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III.    METAl-l-LKGICAL STUDIES <cunt. ) 

lll-A-y. Kinehan,  J. b. ,   and J.   Pearson,   Meliaviur of Metals L'nder Impulsive 
l.oadii,   pub    by American Society for Metals,   25Gp. ,   (1954) 

m-A-10.      Shankhla.   V. S. ,  and U.K.   Scrattun,  "Free Plastic Compression of 
I'ure Metals," .lournal of Applied Meelianic^i :t6:112l.  <No.  A,   1970) 

The dynamic compression of a billet by the impact of a falling 
weight is .malyzed with reference to the general plastic properties 
of pure metals.    Theoretical results are compared witn the results 
of published cxperimci.tal data for pure lead.    It is shown that,   for 
lead,  the form of the stress-strain curve is little influenced by 
changes in strain rate dunny deformation.    The strain-hardening 
coefficient is however found to be stronj^ly influenced by the temper- 
ature clianges associated with the adiabatic deformation.    Tlie 
position of the maximum in the stress-strain curve is sensitive to 
the value of the initial .strain rate.    A method is suggested whereby 
isothermal stress-strain relationships may be extended to include 
the effects of adiabatic thermal .softening. 

lU-A-Il.       Sulijoadikusumo,   .A. U. ,   and (>. W.  UiUonJr. ,  "Work Softening of 
Ti-b.-\l-4\' due to Adiabatic Heating," Metallurt;ical Effects at High 
Strain Kates,   edited by K. W.   Rohde,  pub.   by Plenum Press, 
p.   501-31B,   (1973) 

Many investigators have  ihown that,  at high strain rates at elevated 
temperature (I^OO-ISJOO'K) and for lart^e deformations,   Ti-alloys 
exhibit considerable work softening.    The mechanism of such metal 
softening is different from th. one encountered in processes r>t 
lower strain rates (creep).    In the high-temperature range,  Ti-S.Al- 
4V is known to be both temperature- and strain-rate sensitive; i. e. , 
an increase in strain-rate will increase the flow stress,  and an 
increase in temperature significantly decreases the flow stress. 
Therefore,  thermal changes strongly Influence the metal behavior 
during the deformation.    When metal is undergoing large plastic 
deformation,  approximately 95% of the plastic work is converted 
into heat almost instantaneously (less than 1 msec).    Tnis rapid 
dissipation of large amounts of ener^ causes temperature rises 
in the material.    Such a heattrg would cause the metal softening 
during the process relative to what would bw- observed in isothermal 
deformations. 

CRYOGENIC DEFORMATION 

m-B-1.        Basinski,  Z. S., "The Instability of Plastic Flow of Metals at Very Low 
Temperatures." Hoyal Society Proceedings 240A:229.  (1957) 

The low-temperature unstable plastic deformation of aluminum 
alloys is described.    It is shown that discontinuities in the stress- 
strain curve are caused by a localized temperature rise produced 
during the deformation.    The calculated magnitudes of the drops 
in load and the transition temperature between smooth and discon- 
tinuities flow agree reasonably well with the experimental observa- 
tions.    It is believed that all metals should exhib-t unstable defor- 
mation at sufficiently low temperatures. 
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lU-h-.'. liasinski,   /. S. ,   "The Instability of I'lastic Flow of Metals at Very Low 
Temperatures," Australian .Ijurnal of I'hysics l'.i:'.',bA,  (ll'bO) 

/Evidence is presented to sliow that the load drops observed in most 
metals at very low temperatures arise from thermal instability 

/ rather than mechanical instability of the laitiee.    Measurements of 
/the temperature rise are desenbed. 

,• lll-lJ-;i. Chin,  C;. V. ;U. I".   Ilosford.lr.   and '.V. A.   Inukofen,  "Ductile Fracture 
J  .^ of Aluminuiu,"  AIME  Irans 2:<0:437,  (l'J(i4) 

*■" 

The ductile fracturinj,' process was studied in sinjile-erystal and 
polycrystalline aluminum delorined iii tension over a temperature 
lange from 2;'J   to 4. 2 K.    Ai temperatures as low as 77 K,   tlie 
fracture of "inclusion-flee" material,   iiKludinn ;;oiie-refined 
alumiiuii-.,   was by lupturt- (~100yu l{A).    At 4. 2 K,   fracture was 
brought on h\ adiabatic stiear.    Metalloyiaphic examination did not 
disclose any voids or slip-band microclacks,  ttius neHatiny for 
inherently ductile metals   my mechanism of void nueleation by 
vacancy condensation or of cracking due to dislocation pile-ups. 
In hinl'-purity aUinimuni not treated to be inclusion-free,   fracture 
at temperatures as low as 4J K was of the double-eup type and a 
result of void formation.     1 he reduction-of-area decreased as 

' /' temperature was lowered,   correspondini,' to the eailier appeara'ice 
of voids.    Such beliavior was rationali.;ed in terms of a laryer 
increase,   with decreasing temperature,   HI tlie flow stres.s rela.ive 
to tt»«*-Hlrenntli of tlM> mcl ision-matiix interface.    Evidence for i.«w" 
temperature adiabatic shear was fi'ound in discontinuous flow at 
4. 2-K,   111 the transition to a localized shear fracture at low temper- 

•'   • atures,   and m ttie suppression of shear fracture with an elastically 
hard puUmn device.    A simple analysis foi' the initiation of adiabatic 
shear permitted a general correlation of tlie various contributing 
factors.    It has been pointed out that the duration of shear depends 
upon effective mass and elastic stiffness of the deformation system. 

Ul-li-4.        Ilosford,   U.F. ;U. L.   Fleischer and W, A.   liackofen, "Tensile Defor- 
mation of Aluminum Single Crystals at Low Temperature," Acta 
Metallurgica ii-.liil.   (1960) 

Tension tests on aluminum single crystals of appro.ximately (001), 
(111),  (112) and (123) axial orientations were mac'e at 4. 2,   77,   200, 

_ and 27:V K.    It was a general observation that the hardening rate 
passed through a maximum and then deci'eased continuously with 
increasing stress,   the decrease being less rapid at the lower 

' temperatures.    Tliere were no findings,  under any circumstance, 
/ of a constant stage U slope in the stress-strain curves.    At 273"!^, 

after initially rapid hardening,  (001) crystals deformed primarily 
by operation of two ilip systems witli conjugate relationship; 
multiple necks were formed but the accompanying lattice rotation 
prevented failure by necking until large strains.    .At lower temper- 
atures,  all four stressed slip directions were active in the (001) 
crystals,   and hardening continued to higher stresses.    With the 
four directions,  two perpendicular sets of Lomer-Cottrell barriers 
could form,   as contrasted to one set at 273 K,  thus producing 
greater hardening.    Slip markings at the lower temperatures tended 
to follow (110) traces,   but this may be explained by a fine mixture 
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of cross slip on two (111) planu.s,   necessary to avoid the barriers. 
In (111) cry.'itals,   approximately equal operation of ttie three favored 

^ directions nt all teniperatures prevented lattice rotation and main- 
tained a high liardening rate. 

C.        DUCTIUTY 

IU-C-1. Banks,   E. E. ,  "The Ductility of Metals under Explosive Loading 
Conditions," Institute of Metals Journal !'6:375,   (1968) 

■ ' / The ductility behavior of tivo steels and two aluminum-base alloys 
/ has been investigated ut tugh strain rates (4. 5 x lO* to 3. 5 x 

lO'l/sec).    Specimens were in the form of cylinders,   ;ind the high- 
/ rate loading was obtained by the detonation of internal explosive 

charges.    I nder these conditions,  the strain at fracture is a function 
of expansion velocity,  and this strain may be either greater or less 

,. -■ than the tensile value.    This behavior is examined in terms of the 
rate-dependence of the stress/strain characteristics of the materials, 

' ~    shock-induced temperature rises,  and the increased compressive 
stresses resulting from the non-equilibrium method of loading. 

IU-C-2. Dieter, G. E. , "Introduction to Ductility," ASM Seminar on Ductility, 
October 14-15, 1967, p. 1-30, pub. by American Society for Metals, 
(1968) 

The subject of ductility is approached by defining ductility ard by 
discussing the methods of measuring this property and the diffi- 
culties of arriving at a true assessment.    The engineering stress- 
strain curve and the true stress-true strain curve are analyzed, 
and the procedures for plotting them are explained.    Fracture 
mechanics and the measurement of fracture toughness as an 
approach to problems of ductility are examined.    The effects of 
grain size and otiier features of the naicrostructure of metals and 
of temperature and strain-rate are reviewed.    Ductility data are 

^- • t«i2^hfen for Al-3,.2%Mg,  2024,  7075 and 2219 Al alloys and for several 
1     ' steels,  Cu alloys,  Ni and Ni alloys. 

IlI-C-3.        Gensamer,   M.  "Strength and Ductility." ASM Trans 36:30.  (1946) 

m-C-4.        Rogers,   II. C., "Effects of Material Variables on Ductility," ASM 
Seminar on Ductility,   Oct 14-15,   1967,  p.  31-61,  pub,   by American 
Society for Metals,  (1968) 

Three sets of factors controlling ductility in commercial metals 
and alloys are examined.    One set comprises certain properties 
of the pure metal.    Another is made up of structural effects and 

; includes the possibility of void nucleation by dislocation interaction 
alone,  the effects of holes and particles and the embrittling effects 
of a special distribution of the softer phase in a two-phase system. 

' The third set pert.>.ins to the gross external geometry (size,   shape, 
stress state and surface condition) of the metal being deformed. 
Differences in dLctility and in the appearance of fracture under 
different conditions are attributed to the factors that control the 
generation of new slip surfaces.    The most important factors ar« 
those that influence the tendency of the pure metal to concentrate 
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strain (such as dislocation Ijcliavior,   stackinj;-f"ault energy,   temper- 
ature,   adiabatic heating and the rate of strain luirdcnin^) and those 
that promote the nucleation nf new slip surfncen at many internal 
sites.    The density ofl)OU:i-'lG A1 alloy,  drawn under differently 
externally applied hydrostatic pressures as u function of thickness, 
IS shown in a set of curves. 

U.        HLASTiCIT^ 

Ili-U-1. .Mekseev,   N.  andfi. I'.   Kulikov,  " Elasticity 'nder Conditions of i.ocal 
lleatiny. " Sainoletstroenie i 'rckml-.a \D/.duslinouo l'"U>ta 2G:K.0-H'>, 
(1971).    In Russian 

A method is developed foi' the dcterminatioti of plasticity under 
conditions of local heating eiicountered in processing lu^h-nn-ltinn- 
point metals with pressm;; nulls.    Tlie dependence of pl.i.iticity on 
the temperature yradienl is used to define tlie parameters of tech- 
nological processing wlioii local heatinj^ is used.    The temperature 
gradient is determined hy computing thermal processes duritt;; 
welding,    tDmputations are shown for both movable and fixed plates 
of given thickness when using a fixed,   constant-power source tliat 
gives a normal-c'irve lii.-at distribution upon the plate. 

Ul-U-2.        lliU,   K. ,  .Mathematical Theory of I'laHticity.  pub.   by Oxford Lniv, 
Press,  334p. ,   (IHOO) 

lll-U-:j. Nadai,   A. ,   l^lasticity; Meciianus of tlie I'lastic State of Matter,  pub,  by 
McGraw-llill,   H41)p. ,  (1!HB) 

lll-D-4. i'omey,  J. ,  "On Phenomenon of Adiabatic Pla.sticity, " C. H.   A cad.   Sci. 
25a:4204-5,   (April 27,   11)64) 

When a homogeneous medium is subjected to unidirectional parallel 
plane sliding under adiabatic conditions,   uniform separation of flow- 
can easily be ilisturbed and a high-temperature strong sliding layer 
is formed winch separates the body into two domains.    The defor- 
mation behavior of domains can be different; tins phenomenon 
governs most metal forming processes and,  particularly,   shock 
forming of refractory metals. 

Ul-D-5. Pomey,  J. ,  "Outline of Adiabatic Plasticity."  Kev.   I'rancaise de 
Mecanique.  p.   5-20,  (No.   12,   1904) 

Spatial distribution of physical and mechanical parameters in a 
solid body during plastic adiabatic deformation by simple one- 
directional slips is investigated.    .At high temperatures,  the 
appearance of a slip layer uue to plastic flow is observed; this 
boundary layer separated the body into two domains which may 
be subjected to two different types of stresses,   e. g, ,  elastic on 
one side and plastic on the other.    The effect of this phenomenon 
on the behavior of metals during various forming and machining 
processes is studied theoretically and experimentally. 
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lU-D-6. Tavlor.   (I. I  .   and II,   Quinrifv,   "l«itent L'tieri;)   Keinamint; in ;i Metal 
after Cold Working." Koyal Sor ety l.oiidun I'rOc l-i:i:;j07-:i26.  (I!):j4) 

Meaburenients of the U'ltent enerj^y reniainini; in metal mds .ifter 
severe twi.stin^^ are described.     Very niuo.ti more cold work can be 
done on a metal m torsion than m direct tension.     It i.-* found that, 
as the total amount of cold wi>rk which has been done an a specimen 
increases,   the proportion which is absotbed decreases.     'I'houjjh 
saturation was not fully  reached even with twisted rods,   curves 
representing; the experimental results for cupper indicate that it 
would have been reached .il a plastic strain very  little >,'reater than 
the strain at fracture.     The amount of cold work necessary to 
saturate copper with latent enerjjy at 151' is thus found to be 
slightly (greater than 14 calories per f^ram,     Hy using compression 
instead of torsion,   it was found possible to do much more cold work 
on copper than this,   and compression tests revealed the fact that 
the compressive stress increases with increasing strain till the 
total applied cold work was equivalent to 15 calories per gram.     No 
further rise in compressive stress occurred with further compression 
even though the specimen was compressed till its height was only 
l/53rd of Its original     "The fact that the absorption of latent energy 
and the increase m strength with increasing strain both cease when 
the s^nie amount of cold work has been applied suggests that the 
strength of pure metals niay depend only on the amount of cold work 
which is latent in them 

FR.ACTL RE 

IlI-E-1. backofen,   W  .A..  "Metallurgical .Aspects of Ductile Fracture," 
Fracture of Eneincerine Materials,   pub.   by American Society 
for Metals,  p.   107-126.  (195U) 

Il-E-2. Gruntfcst.   I. J. .  "A Note on Thermal Feedback and the Fracture of 
Solids," .AIMK Metallurgical Society Conference,   Fracture of Solids. 
Vol,   20,  p.   189.  (1962) 

Thertnal effects accompanying the deformation and fracture of 
solid&have often been noted,   and they are sometimes conspicuous. 
A preliminary account of some current analytical and experimental 
studies of heating accompanying fracture is given.    The analysis 
leads to an unambiguous upper limit for the mechanical strength of 
solids.    In addition,   time effects and size effects are introduced in 
a novel and natural fashion.    Furthermore,  the ideas of the rele- 
vance of thermal conductivity and the temperature coefficients of 
mechanical response to fracture phenomena generated m this 
analysis could be useful in the rational development of new ana 
stronger materials.    The experiments suggest that even in some 
of the usual "static" fracture experiments,   thermal effects need 
not be negligible.    This new material in no way contradicts other 
atomistic and phenomenological theories of the fracture process 
presented at this symposium.    It is indeed altogether complementary 
to them. 
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lU-K-S.        liwiii.  (.. .  "I'racture Uvriamici;. "  Krattunnti of Metals,   pub.   by 
.Xmcrican Society for .Metals,   (11*48); also in .\SM 'Irans -lOH: 1-17-166, 
(1!'41!) 

IIl-fc;-4. Mctlintock,   1'. .\. ,   "On tlie .\lechaiuus of Kiaclure ffoni IneUsions, " 
.•\S.\1 Seminar on Uuctilily,  ()et M-lj,   l"U7,   p.   200-277,   pub.   by 
.American Society fur Met.ils,  (U'dH) 

A mathematical treatment is presented of the process of fracture 
due tu inclusions considers stress and strain around inclusions, 
the jjrowth and coalescence of liules initialed by  inclusions,   the 
termination of ductile tiacture by localized shear and statistical 
fluctuations in the inclusion spacing.    It is found lliat fracture occurs 
at half or less of the strain predicted by t!ie uniform iijrowth and 
coalescence of holes.     I'reliriiiiiary analy.'^is indicates that this 
difference may be due in part tu instabilities causin;^ st.'-ain concen- 
trations and i,tatistical effects causinj^ agqlomerations at the potential 
nucleus of tlie crack. 

III-K-o. Nadai.   A. ,   "i heory of I'low and Kraeture of Solids,   \"ol.   1,   pub.  by 
.\1cC.raw-llill,   J72p. ,   (lOaO) 

Ul-K-l). Tegart,   VV..I.,  "Adiabatic Shear Fracture," Klenients of ^'^ehanlcal 
Metallurgy,   pub.   by Macmillan Co. ,   p.   217-219,   (1967) 

lll-K-7.        /ener,  C,  "Micro-Mechan'sm of Fracture."  I'racturinH of Metals, 
pub.   by .American Society foi Aietal.s,   p.   :\-.M,  (194b) 

lU-K-H. /ener,  C. ,   and .I. II.   Ilollom,  "Plastic Flow and Kupii.re in Metals, " 
AS.M Trans :j:t:16:j,   (1044) 

In this paper many plienomena not previously understood are shown 
to be explicable in a qualitative manner by a sin;^le type of imper- 
fection which may be quite precisely defined,   namely by the concept 
of microscopic cracks.    These phenomena include the decrease in 
the rate of strain tiardeiung in torsion at large strains compared 
with the strain hardeiiint^ in tension,   the elongation which accom- 
panies large angles of twist,   and the effect of a prior twist upon 
the type of tensile fracture.    A quantitative analysis,   first suggested 
by Griffiths,   is applied to these cracks.    This analysis .ittempts a 
cor^-^lation of the fr.ieture stress with the siie of these micro cracks 
which are correlated with certain elements of the microstructure. 

F.       STKLCTLUK ANU PlIASK TliANSFOHMATlON 

lll-F-l.        Andrew,  J. II. ; II.   Lee and U. V.   Wilson, "An .\-ray Investigation of 
Structural Changes in Steel Due to Cold-Working," Iron <<i Steel 
Institute Journal 165:374,  (1930) 

.K-ray examinations on high-carbon and alloy steels after cold- 
working by compression have failed to reveal the presence of 
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austenite in unfi'iictuiud test-pieces.    It is shown,   however,   thcrt 
auatenite may be foiiiied on the surface of shear fractures.     An 
.\-ray investigation of tlie influence of severe cold-working on 
CPmentite in steel has been made,   and evidence of large residual 
strains in such cenientile,   together with some tendency towards 
preferred orientation,   has been found, 

III-F-2. horgese,   S. K.   and W. J.   I'antaione,  "A Special Report on the Tempering 
Behavior of Deformation Hands in 52100 Steel," SKK Industries Inc., 
(May 11)67).    At) iil6 394 

The deformation bands which form in cyclically stressed rolling 
bearings were tempered in the electi'on microscope to establish 
the carbon level in solid solution in these areas.    In most of the 
specimens no carbide precipitation occurred in these regions when 
they were tempered at 550'C.    In une specimen,  tempered at :r2j C, 
many tiny carbide formed at the cell walls inside the deformation 
bands.    These observations are consistent with a ll>€ory proposed 
for the growth of lenticular carbides which form at the boundaries 
of the deformation bands in 52100 steel during cyclic stressing. 
The deformation bands which are free of excess carbon are regions 
where lenticular caibicles have grown and depleted the areas of 
carbon wliile the  lands which were supersaturated with carbon were 
free of lenticular carbides.    U is concluded that the lenticular car- 
bides grow by utilizing the excess carbon in the deformation bands 
and continue to grov until the level inside the deformation-band has 
reached the equilibrium concentration. 

III-K-3. bush,  J.J.;W. L.  GrubeandG.il.   Uobinson,  "Microstructural and 
Kesidual Stress Changes in Hardened Steel Due to Kolling Contact," 
ASM Trans 54:390-412,  (1961) 

The changes in microstructure,  hardness,  and residual stresses 
occurring in SAK 52100 steel as a result of rolling contact operation 
are described.    The relationship of running time and contact load 
to the extent and appearance of the microstructural alteration is 
examined,  and evidence is presented to show that a threshold stress 
exists,  below which no gross structural alteration occurs.    The 
nature of the alteration, as revealed by electron metallography, 
suggests a possible mechanism for the observed structural changes. 
The effect of rolling contact on development of macroscopic residual 
stresses in ball bearing races and in simple roller specimens is 
discussed.    Also included are data showing the alteration,  by 
rolling contact,  of residual stress patterns introduced by prior 
surface mechanical working.    The possible correlation of these 
stress changes with the microstructural alterations is investigated. 

III-F-4. Glenn, H. C. and W. C. Leslie, "The Nature of'WbU* Streaks' in 
Imported Steel Armor Plate," Metallurgical Transactions 2:2945, 
(1971) 

iSlectron transmission and diffraction studies suggest that the 
"white streaks" are due to austenite reversion and subsequent 
transformation to untempered martensite with some retained 
austenite also present. 

:h- 
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m-K-j. Ciroztn, H. U. and S. B, Nizhnik, " Phase anU Structural t'han^cs ir 
Carbon Steel I ntlcr the ImpuLsive .\t:tio[i of l^lcvateU Tcmperaturu.-; 
and Pressure,"  Physics of Metals :tnd Metallonrapliv 12:7:i,  (PMIl) 

A tnclnod is used wliich simulates the opcrntioii of machine com- 
ponents in conditions of the shoit-time ailinn ol'elevated temper- 
atures and pressures.    The metliod is l)a>i'd on the use ol a pulsalinn 
flow of compressed yases al hii;li temperaturi'S and mkes n possilile 
to create structural chani^es in the surface layers of the steel,   such 
as actually take place in the m.-iehinini; of machine components and 
in the process of their operation.     It lias been found that the sliort- 
time action of elevated teniper.ilures .jnd pressures causes the 
formation of specific quenchint; and super-rapid tempering structures 
in the surface layer of the steel.     The phase composition of these 
structures depends on the cai lion content of the steel,   while the 
depth of Its distribution is determined by tlie initial lieat trea'ment. 

Ul-F-t). Kuznetsov,   V.U. ;K. V.   Savitskiy and Is. i\.   Sukharina,  "Some Keaturc i 
of the Structure of the White Layers,"  Physics of Metals and Metallo- 
graphy 15::}5,   ditli:}) 

Surface layers and sectors of high hardness,   which are called 
"white" or "unetchable"  layers are observed both when steel and 
irons are under friction and when these materials are sub|ect to 
mechanical,   chemico-thermal,  electro-erosion and other treat- 
ments.    '1 he nature of llie white layers I.'J very far from having 
been revealed.    U itnout approacliing the problem of analyzing 
existing hypotheses,   we will i>nly note that in most cases the layers 
are regarded as the result of qiieiicl.ing under particular circum- 
stances.    When heated these layers undergo tempering,   preserving 
rather higher hardness figures than those for normally quenched 
steel.    The existence of different and at tlie same tinxe contradictory 
hypotheses shows that these while layers are very different in 
structure,  depending on the conditions under which they arose. 
For instance,  a number of authors have found that the unetchable 
sectors arc hard and undergo no essential changes in properties 
if heated above critical point. 

lU-F-7.        Manion,   S. A. ,  and T. A. C.  Stock,  "Adiabatic Shear 'iands in Steel, " 
International .Journal of Fracture Mechanics ti:106-l../,  (1970) 

Uands of intense shear have been reported in steels which have 
been subjected to a high .strain rate.     It was proposed that these 
bands were caused by unstable adiabatic shear; that the rate of 
thermal softening (as heat is generated locally by plastic work) 
is greater than the rate of work hardening of the metal.    Thus 
shear continues preferentially in these soft bands and,  if the 
deformation leads to fracture,  then fracture usually occurs 
within these bands.    On metallographic examination the bands 
appear white when etched in picral or nital,  and have always 
been assumed to consist of inartensite.    Work v;as undertaken 
to check this assumption. 
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III-K-8. Martin,   J. A. ; S. K.   Borgese and A. U.   Kbernardl,  "Micro=ti-uctural 
Alterations of KoUing-Bearini; Steel Indergo'ng Cyclic Stressing," 
Journal of Basic Ennineeruyt; HH:jjj-5(i7,  (September 1966) 

After prolonged cyclic stressing rolling contact,   AISI 52100 bearing 
steel parts develop extensive regions of nucrostrjctural alteration, 
designated as while etching areas.    These are oriented in predict- 
able directions relative to the rolling track.    Lenticular carbides 
are always associated witii these areas.    Eviaence is presented 
indicating that the boundaries of lenticular carbides constitute 
planes of weakness which may bt preferred planes of fatigue 
cracking.    In the transmission electron microscope,  the martensitic 
structure appears gradually transformed into a cell-like structure 
by the action of cyclic stress.    The size of crystaUites is greatly 
reduced m this process,     llie density of microstruclural change is 
found increased witli cycling and is distributed in depth along a 
cur\-e resembling that of the calculated nia.\imunn unidirectional 
shear stress with little or no visible cl-.ange in the region of ma.\i- 
nium orthogonal (alternating) shear stress. 

Ul-F-9.        Nizhnik,   S. U.  ".Austenitic Transformation Mechanism under the Con- 
ditions for the Formation of 'White' Layers," Physics of Metals & 
Metallographv.   15:71,   (No.  4,   1963) 

.\t heating rates of 10    - 10   deg/sec with e.sternal pressure, 
depending on the initial iieat treatment of carbon and chromium 
steels,   it has been found '.hat eitlier the diffusion of aiffusionless 
austenitic transformation meclianism may prevail.    It is noted that 
the influence of the temperature of a rapid heating and mechanism 
of austenitic transformation on the microstructure of the secondary 
quenching zone can be established by the staged etching away of the 
"white" layers. 

m-F-10. O'Brien, John L. , and .\lwyn U. King, "Electron Microscopy of Stress- 
Induced Structural .Alerations near Inclusions in Bearing Steels, " ASME 
Trans,  p.  568-572,   (September 1966) 

The white-etching structural alteration occurring around nonmetallic 
inclusions in cyclically stressed bearing steels was studied by 
transmission-electron microscopy.    To use this method,  thin foils 
were prepared witii an edge running through the lateration.    It was 
found that the alteration is due to the formation of 0. 05- to 0. 1- 
micron cells in ferrite.    The cell formation is similar to that seen 
in fatigued iron except for the small cell size of the deformed steeL 
Evidence is also given that def jrmation causes breakup of the car- 
bides produced on the tempering of steel prior to deformation. 

UI-F-Il.      Rohde,   K. W. ,  "Temperature Dependence of the Shock-Induced Reversal 
of Martensite to -Xustenite in an Iron-Nickel-Carbon .Alloy," Acta 
Metallurgica 18:903-13,  (1970* 

Shock compression e.vperiments were used to measure the temper- 
ature dependence from 25 to 390C of the transition pressure 
associated with the reversal of martensite to austenite in an 
Fe-28. 4 at To M-0. 5 at 'o C alloy.    The transition pressure 
decreases nonlinearly from 67 Kbar at 45-C to about 6 Kbar at 
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:JL'0 C".     \l)ove 300 C the slope of tlie phase line is -0. 25 Kbar/'C, 
whereas bolow 250 C the slope is -0. 14 Kbar/'C.    These data are 
analyzed by two thermodynamic procedures:   (1) by assuming that 
the reversal is an isotliermal transformation and (2) by assuming 
that the reversal is an udiabatic transformation.    The latter pro- 
cedure provides the better fit to the data.     I'rovious hydrostatic 
pressure measurements of the transition fiom HOO' to 380 C are 
compared with ttie snock cv^mpression data.    Although the temper- 
ature coefficients determined in tlie two separate experiments are 
the same,  the transition pressure determined in tlie hydrostatic 
experiments is about 10 Kbar lower than the transition pressure 
determined in the shock experiments.     This discrepancy is caused 
by a partial reversal of marieiisite due to the presence of shear 
stresses in t.he shock compression experiments. 

lll-F-12.       Russell,   K.J.,   and P. G.   Winchell.   "Ueversal of Ke-.\i-f Martensite 
by Kapid Laijie Shear," Metallurmcal Tr^ns 3:2403-!;,   (September 1972) 

The conditions for reversal of martensite to auslenite during large 
and rapidly applied shear are discussed and evaluated experimentally 
for the sliear zone neighboring a paitially pierced hole.    Although 
the large transformation strain of reverse martensite transformation 
could conceivably couple with the applied sliear stress to provide a 
large energy aiding the reversal,   such extensive coupling is not 
experimentally found to be important.    Katlier the important engi- 
neering quantities to consider are the chemical stability of the 
martensite,  the strain heating of the austenite and diffusion of heat 
from the shear zone. 

lll-F-13.      Winchell,   P.O.,  "Structure and Mechanical Properties of Iron-Nickel- 
Carbon Martensites, "  Purdue Iniversity,   PhU Thesis,  (August 1958) 

The structure and mechanical properties of iron-nickel carbon 
martensites containing 0. 01 - 1. 0% carbon were investigated.    To 
allow measurement of the properties and structure of the marten- 
sites prior to tempering, tlie nickel and carbon contents were 
balanced to place the Ms at about -35C.    The structure of as- 
formed liiartensite is body-centered tetragonal with the axial ratio 
equal to 1. 003 + 0. 045 (7oC) at all cri-bon levels investigated.    The 
"extra" (0. 005) carbon independent tetrngonality,  which disappears 
during aging at lOO'C,  can be either true tetragonality or more 
reasonably apparent tetragonality due to deformation faults every 
40th (211)-type martensitic plane.    I'recipitation of carbon commences 
on aging even at -40''C and results in a discontinuous decrease in the 
axial ratio so that after tempering at lOO'C for one hour,  the axial 
ratio is 1. 008 for carbon contents between 0. 2 and at least as high 
as 0. 77o.    During precipitation the electrical resistivity increased 
and subsequently decreases.    Aging is similar to the first stage of 
tempering in iron-carbon alloys.    Potent solid-solution strengthening 
in as-formed martensite due to carbon,  as evidenced by increasing 
yield stress,   occurs at low carbon levels and is independent of testing 
temperature,   suggesting that Cottrell atmosphere formation is not 
a hardening mechanism.    Between 0. 4 and 0. 8% carbon,  very little 
additional solid-solution hardening is observed.    Further strength- 
ening in this carbon range occurs during aging.    The latter strength- 
ening increased with increasing carbon content reaching about 50,000 
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psi at 0. 8^0 carbon.    Solid-solution liardening is tliought to be due 
not to an increase in the strength of the atomic binding but to the 
elastic interaction between dislocation stress fields and stress 
fields around random carbon atoms.    The role of tetragonality, 
itself,   is of secondary importance.     Precipitation hardt.ning is 
thought to account for hardening observed during aging. 

IU-F-14.      Wallace,   \V. ,   and T.  Teiada,  "Nature of'Wliite Streaks' Observed in 
a Nickel-Base Superalloy, " Metallurgical Trans 4:2481-2483,  (October 
1973) 

UI-F-15. Wingrove, A. L. , "A Note on the Structure of Adiabatic Shear Bands 
in Steel," Journal of the .Australian Institute of Metals 16:67, (No. I, 
1971).    .\D 883 185 

An anomalous tempering behavior has been observed in adiabatic 
shear bands in steel tliat were previously assumed to be martensite. 
It has been confirmed that the structure of tiiese bands is martensite 
but that they contain dense tangles of dislocations.    The anomalous 
tempering behavior is discussed in relation to carbide precipitation 
behavior in martensite that contains a higli density of lattice defects. 

G.       TESTING 

Ill-G-1.        Bailey, J. A. ,  and J. K. E.  Singer,  "Effect of Strain Kate and Temperature 
on the Resistance to Deformation of .Aluminum,   Two Aluminum .Alloys, 
and Lead," Institute of Metals Journal 92:404-408.  (1963-1964) 

The object of the investigation was to provide stress strain data 
directly applicable to fabrication processes for super-purity 
aluminum,  a Uuralumin-type alloy containing 4. 2% copper,   a high- 
strength aluminum alloy containing 5. 7% zinc, and high-purity lead. 
Testing was carried out by means of a constant-strain-rate plane- 
strain compression plastometer over the strain-rate range 0.4-311/ 
sec and at temperatures up to 0. 95 of the absolute solidus tempera- 
ture for each material.    No relation could be found between tem.oera- 
ture and stress at a given strain,  but the stress at a temperature 
was related to the strain rate by a power law under all conditions 
of testing for the metals concerned.    .A comparison of the results 
with previous work showed that the plane-strain test,  operating 
over a wide range of strain and strain rate,  gave results that 
differed considerably from those obtained earlier by other testing 
methods. 

III-G-2.        Baltov,  A.,  "On the Formation of Plastic Adiabatic Bands in a Thin 
Tube Subjected to a Dynamic Torsion," C. K.   Acad.   Sc.   Paris 
275:291-294,   (July 24,   1972).    In French 

lII-G-3.        Barron,   U. G. . "Stress/Strain Curves of Some Metals and Alloys," 
Iron fc Steel Institute Journal 182:354,  (1956) 

Comparative tensile tests have been carried out on a number of 
metals and alloys at temperatures of 20°,   -78°,   and -196°C using 
strain rates of lO"^ and lO'*'^ in. /in. /sec.    Stress/strain curves 
are presented.    The strain rate and temperature have a marked 
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effect on n'on and the softer ferritic steels.    In dynamic tests 
below a critical temperature,    -U the fen itic materials extubit a 
type of premature failure in whicli the str;un is entirely localized 
to a short neck.    It is shown that tins is a coi;sequence of the adia- 
batic nature of this test.    The variation of upper yield stress with 
temperature and strain rate appears to obey an activati'Mi energy 
relationship over part of the range of stress.    Uithin this range 
the activation energy for yieljinf5 varies witli tlie stress in the 
manner predicted hy Cottrell and liill'V. 

lU-C-4. beeuwkea,   H.  Jr..  "High l.oadinf^ Hates in .Metals," VVatertown .\rsenal, 
R-64,  (June ll>b!)).    AU 265 204 

High loading rate effects are found to commonly occur on both low 
and high speed apparatus and tests.    Though commonly disregarded, 
it IS important to understand tliese effects as shown by e.\amples 
which also indicate how low-speed tests may often be satisfactorily 
substituted for higli-speed tests.    The seventy of rates,  judged by 
materials behavior which is considered llie outstanding criterion, 
is found to be crucially dependent on temperature. 

IlI-G-5. Uitans,   K.   and\\hitton,   P. U. ,  " High-i)traui-l{ate Investigation,   with 
Harticular Keference to Stress/Strain Ctiaracteristics, " International 
Metallurgical Keviews 17:66-78,   (1!J72) 

lU-<J-6. Bilans,   K.   and 1'. W.   VVhittoii,  "Stress Strain Curves for tX\ygen-Free 
High Conductivitv Copper at Sliear Strain Kates of up to 10-* s'l," 
Instn Mech Kngi's I'roc 1»5:114L',   (l'J70-7n 

Sheai  stiess-shear strain curves for o. f. h. c.   copper at roon^ 
temperature were obtained at constant shear strain rates in the 
range   1 to  10     s"l using tlun-walled tubular specimens in a fly- 
wheel-type torsion testing machine.    l{esults show that,   for a given 
value of strain,  the stress decreases when the rate of strain is 
increased.    .Moreover,  the elastic portion of the stress-strain 
curve tends to disappear as the rate of strain is increased.    It is 
postulated that these effects are due to the formation of adiabatic 
shear bands in the material when the given rate of strain is impressed 
rapidly enough.    A special feature of the design of the testing machine 
use-i is the rapid application of the chosen strain rate. 

III-G-7. Campbell.  J. U. ,  and A. K.  Uowling,  "The Hehaviour of Materials 
Subjected to Dynamic Incremental Shear I.oading, " Journal of the 
Mechanics fc  Physics of Solids 18:4:J-6:<,   (l'J70) 

Some ot *he difficulties inherent in attempts to study the rate 
dependence of the mechanical properties of solids by means of 
longitudinal wave-propagation e.\periments are discussed,  and it 
is concluded that tliese difficulties can be avoided by studying the 
propagation of a pure shear pulse applied while the material is 
being slowly deformed in i)ure sheai'.    A new apparatus is described, 
in which an incremental shear stress is applied to a thin-walled tube 
in a time of about iO Msec and the speed of propagation of ttie resulting 
stress wave is measured.    Tlie apparatus is also used to test shoit 
tubular specimens in pure shear by tlie split llopkinson bar technique. 
Results of wave-propagation tests on mild steel,   copper and alumi- 
num show that the initial response is essentially elastic,  and this is 

-40- 



111.    MKTAULl KCICAL STl DIES (com. ) 

confirmed by re^ult^s olitained in te.sts on sliort specime^is of 
copper and aluminum.     Kroiii tlie latter test.s,   incremental stress- 
strain curves ;ire derived fur a .strain rate approaching 100 sec"», 
and the rate dependence of the flow stress is compared with that 
obtained from compres-siun tests at constant strain rate. 

lU-G-8. Culver,   K. S. .  "Torsional-lmpact .Apparatus." Kxperiniental Mechanics 
12:389-405,   (1072) 

.•\ torsional-impact machine has been developed to investigate the 
dynamic beliavior uf metal.-; -it large strains and high strain rates. 
Two macliines are described; the first was used to continuously 
monitor stress,   strain profile and temperature profile during 
deformation; the second was designed specifically to investigate 
the thernial instability ■^traln.    In both machines,  the use of a 
shear pin made independent control of the uluinate strain possible, 
permitting essentiuUy constant strain rate throughout the test. 
Shear-strain rates of up to 2:100/sec and ultimate shear strains 
of up to 40To were obtained on mactiine No.   I.    Some experin\ental 
results are presented to indicate the type of data obtainert and the 
error limits on measurements. 

Ul-G-9.        Ciruntfest,  1. J.,  "The Tensile Hupture of Hard Plastics." Journal of 
Polymer Science 20:491-494,   (l'j5b) 

The tensile strengtii of polymethyl methacrylate is calculated from 
"modulus" data applying a criterion for mechanical stability and 
assuming that the failure process is adiabatic.    Reasonable agree- 
ment with observed values is ottained.    Application to the tensile 
strength of glass and of nylon is also considered. 

Ul-U-lO.       Hoggatt,  C. H. ,   and H. F.   Kecht,  "Stress-Strain Data Obtained at High 
Hates Lsing an Expanding King," l:I.\periniental Mechanics 9:441.  (1969) 

Dynamic uniaxial tensile stress-strain data are obtained at high 
strain rates by measuring the kinematics of thin-ring specimens 
expanding syn^metrically by virtue of their own inertia.    Impulsively 
loaded to produce lugli initial radial velocities,  expanding rings are 
decelerated by the radial component of the hoop stresses.    Differen- 
tial equations of motion are evaluated experimentally to obtain the 
stress-strain (constitutive) relationships which govern the magnitude 
of these stresses.    Techniques have been developed for producing 
symmetric radial expansion and measuring resulting displacements 
precisely as a function of time.    Dynamic stress-strain relation- 
ships have been obtained for (i061-T6 aluminum,   1020 cold-drawn 
steel and 6.'\1-4V titanium.    For each of these materials,  displace- 
ment-time curves are observed to be parabolic within the resolutior 
of the measurements,    hesults are presented as true-stress/true- 
strain relationships. 

Ul-G-11.      Hollomon, J. 11. ,  and C.   Zener, "High Soeed Testing of Mild Steel." 
ASM Trans 32:111,  (1944) 

Some of the difficulties encountered in hi^h-speed testing of 
materials are pur«ly mechanical,  and may,  therefore,  be overcome 
with proper diligence.    One difficulty,   however,  is associated with 
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the unavoidable inertia of the test material itself.    The intrinsic 
liniitation which this puts upon high-speed testing is discussed. 
The literature is rich in data regarding tlie variation of the tensile 
properties of mild steel with rate of deformation,   in the rang" of 
strain rates available with tlie usuiil testing machir.es.    This data 
IS so correlated that a re.sonable e.\trapol;ition to tugh strain rates 
may be made regarding ttie tensile properties.    Uy such an e.xtrap- 
olation,   it is predicted that m mild ?leel tlie yield strength becomes 
equal to the tensile .strength in the range of strain rates between 1 
and lO"* sec. "1,  depending upon grain size and curljon content.     1 he 
dynamic implications of an equalif.  of tlie yield and tensile strength.^ 
IS pointed out. 

llI-G-12.       llollomon.  .1.11.,   and C .   Zener.  "Conditions for 1-ractur.' of bteel," 
Metal.s Technology Al.Mt: lli-t-i.   (li.M-l) 

It IS commonly recognucd that a given material may be described 
as ductile or brittle unls  with reference to the conditions of test. 
Thus um'er the usual test conditions,  quartz is brittle,  but under 
high prj ssure.-; it is ductile.    S.ilt.s that are brittle at room tempera- 
ture become ductile at elevated temperatures.     Pitch,  brittle with 
respect to rapid loads,   flows at low rates of loading.    Pearlittc 
sleel,  ductile under the usi.al conditions of test,   may be embrittled 
under the proper conditions of combined stresses,  temperature, 
and rate of loading. 

llI-G-13.      Johnson,   W. ,   Impact Strength of Material.s,   pub,   by Edward Arnold Ltd. 
357p.   (1972) 

liI-G-14. l.indholm, L. S. , "llich Strain Kate Tests," Techniques of Metals 
He search. Vol. D, l^art 1, Chap. 4, edited by Dr. K. F. bunshah, 
pub.  by John Wiley & Sons,   Inc.,   (1971) 

IU-G-I5.      Luerssen,  G. V. ,  and O. V.  Greene,  "The Torsion Impact Test," 
■American Society for Testing Matirrials Proceedings :i;<::ila,   (1933) 

This paper points out the need for a reliable method of determining 
impact resistance on very hard materials such as hardened tool 
steel.    It reviews briefly tne work of previous investigators in this 
field,  and comment.-; on the inadequacy of present impact methods 
when applied to these materials.    .A machine and method especially 
adapted to hard materials,   in which the specimen is fractured 
torsionally under impact,  are described in detaiL    Calibration of 
the machine,  design of the test specimen,  effect of velocity,  and 
reproducibility of results are then discussed,   and comparisons are 
drawn with current r..ethods of test on softer materials,    'i est ti'^ia 
are shown on three hardened tool steels drawn over a range of hard- 
ness.    These are discussed briefly,  and general conclusions are 
drawn on the practical value of such data and the utility of the 
machine as a control and research instrument. 

UI-G-16.      Manion,  S. A. ,  and T. .A. C.  Stock,  "The Measurement of Strain in 
Adiabatic Shear bands," Journal of the .Australian Institute of Metals 
14:190-197.   (1969) 
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lU-G-lT.       Mctaugiiev,    ). M, ,   and .\l.  \.   Urufcioo,   " llmii bpfL-U tomprfs.siuii '1 esl.-- 
of I'rujt'cule Sttcl.s,"  ri;inkford Arsfiial.   K-7;t8,  (.May 1047).    AU-4'.'3;ni 

The .itress-.-train rela'.ion lor aUiabatic del'urmation is ONtrenieiy 
important tietjau.so it is piobable that the pheii<j. .enon uf sliattcr 
failure le.sult.s cs.-ientiiUy (vmn the in>tabilit_v nf adiabatic uefor- 
niation ,>f the >h(jt duiini; |)<-netration.     I o supplement tlie infurniation 
obtained with quasi-siatiL' c.jmpiession tests,   .idiabalic tests were 
conducted.    Wlule static CDiupressmr. tests are a convenient way of 
studvini; tin; eflfcts of steel cunipusition and he  . treatnicnl. on some 
of ttie mechanical properties impoitai.t to sliot       rformance,   tiieie 
are certain aspects of shot steel behavior in co. .. ression on w.'iich 
It gives no information. 

Ul-t.-ld.       Kead,   T. A. ,   II.   .Nlarkus,  and.l..\i.   .Viet aui;hcy.  " I'lastic Flow and 
Hupture of Steel at lliyh Hardness Levels."  Kracturintj of -Metals, 
pub.  by .Xmerican Society for Metals,  (1!.M8); also in .ASM Trans 
iOli:ih-2A:i,  (liMS) 

Stress-strain relations for a medium carbon steel were measured 
over a range of hardness levels fron\ Kockwell (_'--10 to 66.    'Ihe 
data indicate that stress increases as the ntli power of the strain 
for strains greater tlian 0. 04.    The strain liardening exponent n so 
determined has a minimuni value when specimens of tliese steels 
are tempered in tlie neighborliooii of 500'K.    It is suggested tiiat 
the low values of energy absorption in tlie torsion-impact and 
notched-bar bend tests for neat treated mediuni and lugii-carbon 
steel specimens tempered near aOO F niay result from the low value 
of the stram-liardeninfj exponent obtained after this tempering treat- 
ment. 

lU-G-lf.      ilener,  C,  and J. II.   lloUomon, "Effect of Strain Kate upon Hlast.c 
Flow of Steel," Journal of Applied Physics 15:22.   (1944) 

.An experiment was designed to clieck a previously propo.sed equiva- 
lence of tl'.e effects of changes in strain rate and in temperature 
upon tlie stress-strain relation in metals.    It is found that this 
equivalence is valid for the typical steels investigated.    The 
behavior of these steels at very high .ates of deformation may, 
therefore,   be obtained by tests at moderate rat< s of deformation 
performed at low temperatures.    The results of buch tests are 
described.    .Aside from changing the isothermal stress-strain 
relation,  an increase of strain rate tends to change the conditions 
from isothermal to adiabalic.    1'. is found that at low temperatures, 
the adiabatic stress  strain rela ion m the plastic range is radically 
different from the isothermal,   having an initial negative rather than 
a positive slope.    This initial negative slope renders unstable 
homogeneous plastic deforn\ation. 
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A.        REVIEWS 

lV-A-1.        Kogers,   II. C". ,  "Adiabatic Shearing; A Heview," Urexel Lniversrty, 
73p. , (May 11)74) 

Adiabatic plastic defuiinauon is reviewed in its broadest sense 
with the emphasis on udiabatic shearinf^.    '1 he observationK oTthis 
phenomenon in hif;h speed inachininy and metal forming,   ballistic 
impact,   explosive fragmentation,   tugh velocity punching,   crvDgenic 
deformation,   bearing technology and several other areas arc dis- 
cussed at length.    Also described are the material dependent aspects 
of adiabatic shearing.     Included are polymeric materials in addition 
to both ferrous ;ind noii-ferrous materials.    Several different 
analytical models of pla.stic instability resulting from the adiabatic 
shearing are presented and the merits of each compared.    Since 
the adiabatic shearing [irocess frequently culminates in fracture, 
this topic is covered «-.\iensiveiy.    A possible alternative mecha- 
nism for the formation of "knobbly"  fracture surfaces is proposed. 
The effect of deformation in the promotion of carbide di.ssolution 
during the adiabatic deformation ol steel is considered.     Finally, 
tlie structure and high hardness of the "white streaks" observed 
in steels as a result of adiabatic shearing ^re discussed with 
respect to their interrelationship and also relative to the possible 
mechanisms of formation of this structure. 

b.       SEISMIC FAULTING 

lV-B-1. Orowan. E., "Mechanism of Seismic Faulting," Kock Deformation 
Symposium, edited by David Ciriggs, pub. by Geological Society of 
American, p.  323. (1960) 

According to the classical theory,  earthquakes would be caused by 
fracture,  or the release of static friction,   followed by sliding be- 
tween the fault wall.s and a co.nsequent drop of stress around the 
fault.    At a depth of bOO-700 km,  where the pressure is about 
200, 000 bars,  the lowest possible estimate of the coefficient of 
friction (about 1) would demand principal stress differences of the 
order of 400. 000 bars for overcoming the friction of the fault wall 
and producing a drop in seismic stress.    Such high stresses cannot 
be assumed to exist,  if only because the yield stress of the astheno- 
spheric rocks can hardly have an order of magnitude exceeding a 
few tens or at most hundred.s of bars.    This estimate is obtained by 
extrapolation of the observed creep behavior of hard materials with 
the.a.s^sumption that th4j..,ftffect of a hydrostatic pressure is similar 

'"* to that of a correspondingly increased molecular cohesive pressure; 
its order of magnitude agrees with that of the stress drop estimated 
from the energies released in earthquakes.    A detailed discussion 
of ttii»difficulty shows that earthquakes,  except at focal depths less 
than about 5-10 km,  cannot arise in the manner implied in the 
classical theory.    The only plausible alternative available at present 
is that they are due to an instability of plastic deformation (creep) 
such as gives rise to slip bands,   Luders bands,  the Hanson-Wheeler 
creep deformation  lands.  and many other similar phenomenau    If 
creep produces structural changes that accelerate further creep, 
the deformation concentrates gradually into thin layers in which high 
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flow rates can develop,   and finally even .shear melting may occur 
by heat development due to plastic deformation.    Such a mechanism 
would explain the sequence atructuro of eartliquake.s (fore and after- 
shock.s).    If fracture and frictional sliding are impossible nnd 
fatiltiny can occur only l>y the gradual concentration of creep defor- 
mation into thin zones,   the stiess concentration around thi' edt^es 
of a fault cannot propagate this fault immediately over the entire 
stressed volume,  as would be the case with fauhmg due to fracture. 
The fault can extend only after the occurrence of a certain amount 
of creep leading to progressive stiain concentration in the region 
put under increased stress by tlie preceding faulting. 
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